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Nederlandse Samenvatting
Vloeibaar-kristaltoepassingenmet
in-het-vlak draaiende director
Vloeibare kristallen zijn, door een aantal unieke eigenschappen, een
veel gebruiktmateriaal in tal van optische toepassingen. Vloeibare kris-
tallen zijn optisch dubbelbrekend en laten dus toe om de polarisatie
van het invallende licht te veranderen. De elektrische anisotropie van
vloeibare kristallen heeft tot gevolg dat de uniaxiale as die de polari-
satiewijziging controleert op eenvoudige wijze kan gestuurd worden
door een extern aangelegd elektrisch veld. Daarom worden vloeibare
kristallen vaak gebruikt als elektrisch controleerbare dubbelbrekende
lagen.
Waarschijnlijk de meest bekende toepassing waarin de elektrische
en optische anisotropie van vloeibare kristallen ten volle benut wordt,
is het zogenaamde vloeibaar-kristalbeeldscherm of Liquid Crystal Dis-
play (LCD). Vloeibaar-kristalbeeldschermen hebben doorheen de jaren
een belangrijk deel van de beeldschermmarkt ingenomen. Dankzij hun
talrijke voordelen zoals beperkte gewicht en afmetingen, de eenvoud
in productie en het lage energieverbruik hebben ze een aantal sterke
troeven ten opzichte van andere beeldschermtechnologiee¨n.
Het onderzoek naar vloeibare kristallen is nog steeds volop aan de
gang, maar stilaan ligt het zwaartepunt van vloeibaar-kristalonderzoek
minder bij beeldschermen. Sommige nieuwe toepassingen zoals Spa-
tial Light Modulators zijn nauw verwant aan beeldschermen, terwijl
andere zoals diffractieroosters, dubbelbrekende lagen en solitonen van
een totaal andere aard zijn. Een gemeenschappelijk aspect van veel
nieuwe onderzoeksonderwerpen is het gebruik vanmicroscopisch klei-
ne variaties. Microscopisch kleine veranderingen in een optischmateri-
aal brengen speciale effecten met zich mee zoals diffractie en verstrooi-
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ing die een meer nauwkeurige studie vragen.
Mijn onderzoek begon als een studie van de optische eigenschap-
pen van vloeibaar-kristalbeeldschermen. Het belangrijkste aandachts-
punt was hierbij de in-het-vlak draaiende of in-plane switching (ips)
mode. In de in-het-vlak draaiende mode wordt de gemiddelde rich-
ting van de moleculen in het vloeibaar kristal (de director) gedraaid in
een vlak parallel met de substraten. Tijdens mijn onderzoek ben ik in
contact gekomen met vele aspecten van vloeibare kristallen zoals mo-
dellering, optica, verankering aan het oppervlak, technologie, . . . Ge-
bruik makend van de in-het-vlak draaiende mode heb ik uiteindelijk
een nieuw vloeibaar-kristalcomponent ontwikkeld met een aantal op-
vallende eigenschappen.
Het doctoraatswerk start met een beknopte inleiding tot vloeiba-
re kristallen. In de inleiding worden de terminologie, de belangrijkste
eigenschappen en het modelleren van vloeibare kristallen besproken.
Speciale aandacht gaat hierbij naar de in-het-vlak draaiende mode die
verder gebruikt wordt in de andere hoofdstukken.
Optische transmissie doorheen vloeibare kristallen
Vloeibaar-kristaltoepassingen hebben bijna steeds een optisch aspect.
Om de resultaten van de optische experimenten te kunnen vergelijken
met berekeningen is daarom een optisch algoritme nodig dat toelaat
de optische transmissie doorheen de inhomogene anisotrope lagen te
berekenen. Tijdens mijn onderzoek heb ik gebruik gemaakt van ver-
schillende optische algoritmes. Voor eendimensionale lagen volstaat
de Jones-matrix Methode. Dit is een eenvoudig 2 × 2 matrix algoritme
dat toelaat op snelle wijze de transmissie doorheen het vloeibaar kristal
te berekenen. Voor twee- en driedimensionale lagen, is een uitgebrei-
der optisch algoritme vereist. Daarom worden eveneens de Rigorous
CoupledWave Method en de Reduced Grating Method gebruikt. Twee
bestaandemethoden die nauwkeurig de optische transmissie doorheen
periodieke anisotrope media berekenen.
Nadeel van de Rigorous Coupled Wave Method en de Reduced
Grating Method is echter dat deze tijdrovend zijn en een grote hoe-
veelheid computergeheugen vereisen. Daarom is een bijkomend ver-
eenvoudigd optisch algoritme opgesteld, gebaseerd op de Jones-matrix
Methode. Dit laat toe om een snelle berekening te maken van de opti-
sche transmissie doorheen twee- en driedimensionale dubbelbrekende
lagen. De nauwkeurigheid van het vereenvoudigd algoritme wordt na-
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gegaan door vergelijking met de resultaten van de andere algoritmes.
Oppervlakteverankering van vloeibare kristallen
Een tweede aspect van vloeibare kristallen waar uitgebreid aandacht
aan wordt besteed is de verankering van de vloeibaar-kristalmoleculen
aan het oppervlak. Voor toepassingen is een defectvrij vloeibaar-kris-
talvolume van belang. Daarom worden vloeibare kristallen gewoon-
lijk gebruikt in dunne lagen tussen twee glassubstraten. Controle van
de director aan het oppervlak laat toe om een controleerbare en re-
produceerbare verdeling van de director in het volume te bekomen.
Gedurende vele jaren werd verankering gezien als een nevenaspect
van vloeibaar-kristaltechnologie. Maar door het toenemend belang van
zachte verankering in allerhande toepassingen treedt het de laatste ja-
ren steeds meer op de voorgrond.
In klassieke toepassingen van vloeibare kristallen zoals bv. beeld-
schermen, wordt een vaste verankering aan het oppervlak gebruikt. Dit
betekent dat de director van het vloeibaar kristal aan het oppervlak in
een vaste richting wijst. In het hoofdstuk over verankering wordt die-
per ingegaan op zachte verankering. Zachte verankering is een algeme-
ne term voor alle situaties waarin de oppervlaktedirector van het vloei-
baar kristal kan gewijzigdworden door een extern aangelegd elektrisch
veld of een elastische kracht. Dergelijke oppervlakken vertonen e´e´n of
meerdere stabiele richtingen voor de oppervlaktedirector, maar elek-
trische of mechanische krachten kunnen de oppervlaktedirector wijzi-
gen. Toepassingen van zachte verankering situeren zich in het domein
van multistabiele vloeibaar-kristalconfiguraties, elektrisch controleer-
bare verankering en reductie van de drempelspanning en energiever-
bruik bij toepassingen. Het gedrag van de oppervlaktedirector wordt
bepaald door de gebruikte materialen, de behandeling van het opper-
vlak en de oppervlaktetopologie.
Verschillende materialen worden in dit hoofdstuk vergeleken op
het vlak van oppervlakteverankering, met als ultiem doel een mate-
riaal te vinden waarbij de sterkte van de azimutale verankering van de
director aan het oppervlak zo laag mogelijk is. Om de verschillende
materialen te kunnen vergelijken werd een meetprocedure ontwikkeld
waarmee de sterkte van de oppervlakteverankering experimenteel kan
gemeten worden. Uiteindelijk werd de surfactant FC4430 aangeduid
als materiaal met een zeer zwakke azimutale verankering van de direc-
tor.
viii Nederlandstalige Samenvatting
Ontwikkeling van een nieuw vloeibaar-kristalcomponent
De kennis die verzameld werd over de diverse aspecten van vloeibare
kristallen heeft uiteindelijk geleid tot de ontwikkeling van een nieuw
type vloeibaar-kristalcomponent met de unieke eigenschap dat de di-
rector 360◦ kan draaien in het vlak parallel met het substraatopper-
vlak. Het schakelen van de director wordt veroorzaakt door horizon-
tale velden tussen zeshoekige elektroden in een honingraatmotief aan
de onderzijde van een die¨lektrische laag met bovenop een vloeibaar-
kristallaag. De nieuw ontwikkelde component kan onder andere ge-
bruikt worden als herconfigureerbare dubbelbrekende laag in optische
experimenten.
Vooreerst wordt het werkingsprincipe van de component bespro-
ken aan de hand van driedimensionale berekeningen van de director-
verdeling. De mogelijkheid om de director 360◦ te draaien in het vlak
parallel met het substraatoppervlak wordt gedemonstreerd en aan de
hand van uitgebreide optische simulaties wordt aangetoond dat de op-
tische component zich voor de gemiddelde transmissie gedraagt als
een homogene dubbelbrekende laag.
Uiteindelijk werd een testcomponent gebouwd in samenwerking
met de Chalmers University of Technology in Go¨teborg (Zweden) en
de vakgroep Intec van de Universiteit Gent. Door middel van experi-
menten kon worden aangetoond dat de director zoals vooropgesteld in
3 verschillende richtingen kan gealigneerd worden. Het ultieme doel,
het draaien van de director over 360◦, bleek niet volledig gerealiseerd
te zijn. Op het eind van het hoofdstuk worden een aantal suggesties
gegeven om de component te verbeteren en het draaien van de director
over 360◦ mogelijk te maken.
De resultaten van dit werk heeft geresulteerd in een tiental artikels
die gepresenteerd werden op internationale conferenties of gepubli-
ceerd werden in internationale tijdschriften.
English Summary
Liquid crystal devices with
in-plane director rotation
Liquid crystals are awidely usedmaterial in all kinds of optical applica-
tions. The growing importance of liquid crystals as a versatile material
in optical setups rises from their unique features. Optically, nematic
liquid crystals are uniaxially birefringent and thus modify the polar-
ization state of the light wave propagating through the material. The
electrical anisotropy allows to reorient the uniaxial axis, also known
as the director, by application of an externally applied electric field.
Therefore, liquid crystals serve as an electrically controllable birefrin-
gent layer.
The most familiar application of liquid crystals exploiting the opti-
cal and electrical anisotropy, is the liquid crystal display (LCD). Liquid
crystal displays acquired an important position on the display market
because they are lightweight, easy to produce and use a limited amount
of power.
The research on liquid crystals is still very active, but the focus is
moving gradually away from pure display research. The unique fea-
tures of liquid crystals are now exploited in totally different domains.
Some of the new applications like Spatial Light Modulators are closely
related to displays, while others such as phase gratings, wave plates
and solitary waves are of a totally different nature. A common aspect
of many new research topics is miniaturization. Also in new liquid
crystal devices, the involved electrodes and surface topologies have mi-
crometer scale features. This leads to microscopic variations inside the
liquid crystal material. Microscopic changes in an optical material in-
duce special effects such as diffraction and scattering of the transmitted
light which require further study.
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My research started as a study of the optical characteristics of liq-
uid crystal displays, focused on the in-plane switching mode of liquid
crystals. During my research, I came in contact with many different
aspects of liquid crystals: modeling, optics, anchoring, technology, . . .
Using the principle of in-plane switching, I worked toward a new type
of liquid crystal device with remarkable features. The common aspect
of the different topics treated in my phd thesis is liquid crystal devices
with microscopic lateral variations.
The text starts with a brief introduction to the field of liquid crys-
tals, explaining the main features of liquid crystals and how to model
and use them. Special attention goes to the in-plane switching mode of
liquid crystals, which is further used for different purposes in the other
chapters.
Optical transmission through liquid crystals
Applications of liquid crystals involve almost always optics. For a com-
parison of the optical experiments with simulational results, a good
tool is required for the calculation of the optical transmission through
a liquid crystal layer. Therefore, three different existing optical algo-
rithms are used to model the light propagation through the inhomoge-
neous liquid crystal layers. For one-dimensional liquid crystal layers,
the Jones Matrix Method is used. A simple 2 matrix formalism which
give fast and accurate results. For two and three-dimensional liquid
crystal layers the Rigorous Coupled Wave Method and the Reduced
Grating Method have been used. Two existing methods, which cal-
culate accurately the optical transmission through periodic anisotropic
media.
A drawback of the Rigorous Coupled Wave Method and the Re-
duced Grating Method is that they require a large amount of com-
putermemory and calculation time. Therefore, an additional simplified
transmission model was developed based on the Jones Matrix Method,
which allows a fast and easy calculation of the transmission through
thin three-dimensional liquid crystal layers. The usefulness and cor-
rectness of the simplified algorithm was demonstrated by comparison
with the accurate optical algorithms.
Weak surface anchoring of liquid crystals
A second aspect of liquid crystals which is studied in more detail is
the anchoring of the liquid crystal molecules at the surface. For appli-
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cations it is important to obtain a region free of defects with a known
director distribution. Therefore, liquid crystals are usually handled in
thin layers between two substrates. Control of the director at the sur-
faces allows a reproducible director distribution in the liquid crystal
volume. Therefore it is an important aspectwhen designing liquid crys-
tal devices.
Anchoring was longtime considered a side topic of liquid crystals,
but with the increasing importance of weak anchoring it entered in the
spotlights in the past years. Nowadays, many of the mechanisms are
being studied and it is a main challenge for chemists to develop new
materials with specific anchoring properties. In classic liquid crystal
devices such as displays strong anchoring is used, which implies that
the surface director is fixed. In the chapter on anchoring, the phenom-
ena related to weak anchoring of liquid crystals are studied. Weak an-
choring is a generic term for all situations where the surface director
can be altered by an externally applied field or elastic torque. Such sur-
faces exhibit one or more stable orientations of the surface director, but
electric or mechanical torques can change the orientation of the surface
director. The applications of weak anchoring are situated in the field
of multistable nematic liquid crystal devices, electrically controllable
anchoring and reduction of the threshold voltage and power consump-
tion of liquid crystal devices. The behavior of the surface anchoring is
determined by the surface material, treatment or structure.
Different alignment materials have been compared on their anchor-
ing properties with as ultimate goal finding a surface material in which
the azimuthal anchoring, the anchoring strength related to changes of
the director twist angle at the surface, is reduced to a minimum. As
a tool for comparing the materials, a measurement method was devel-
oped to accurately estimate the weak azimuthal anchoring strength at
the surface. As a result, the surfactant FC4430 was indicated as a mate-
rial with a weak azimuthal anchoring strength.
Development of a new liquid crystal reconfigurable wave plate
The knowledge gathered about the different aspects of liquid crystals
was finally combined in the last chapter to develop a new type of liq-
uid crystal device with the unique ability to rotate the liquid crystal
director 360◦ in the plane parallel to the glass substrates. Switching of
the liquid crystal director is possible to three different directions. The
switching is induced by horizontal fields between hexagonal electrodes
xii English Summary
in a honeycomb arrangement on the underside of a stack comprising a
dielectric layer and a liquid crystal layer. Both switching and switching
back are driven by an electric field. The presented device can serve as
a reconfigurable wave plate in optical setups or as a pixel in display
applications.
First, the principle operation of the device is studied by three-di-
mensional director simulations. The feasibility of a 360◦ in-plane direc-
tor rotation was demonstrated and by means of extensive optical simu-
lations, the working as a reconfigurable wave plate was shown. Finally,
a first prototype has been built in collaboration with Chalmers Univer-
sity of Technology in Go¨teborg (Sweden) and Intec department at the
Universiteit Gent. By microscope observation has been proved that the
director could be aligned in three different directions as expected, but
the ultimate 360◦ rotation did not succeed. At the end, a number of sug-
gestions were given to improve the device and realize the 360◦ director
rotation.
The results of the work has been published in two papers in SCI
Journals and was presented at several scientific meetings and interna-
tional conferences.
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Chapter 1
Introduction
1.1 Background
Technology has experienced a tremendous evolution in the past years.
People got used to the recently developed consumer applications and
benefitwithout thinking from the numerous advantages. A vital part of
many new devices is the user interface. Whereas 20 years ago, devices
used to have a few LED’s (light emitting diodes) to indicate their status,
many small applications nowadays have an extensive menu on a color
display.
Liquid crystal displays (LCD’s) acquired an important position on
this quickly growing market. Liquid crystal devices began their evo-
lution as simple black-and-white displays with only a few pixels (the
acronym for “picture element”) in digital watches and calculators. At
this time, they evolved toward full color displays with hundreds of
thousands of pixels and are used in a wide variety of applications:
desktop monitors, televisions, projectors, notebooks, car navigation
systems, PDA’s (personal digital assistant), digital cameras, audio-
video equipment, mobile phones, head-up projection displays, . . .
Important competitors in the field of displays are the classic cath-
ode ray tube (CRT), organic light emitting diodes (OLED) and plasma
displays. The heavy competition between different display technolo-
gies forces industry to continue improving their products. But LCD’s
benefit from some major advantages to fulfill the growing demands.
They are small and lightweight, easy to produce, require low driving
voltages and use a limited amount of power.
2 Introduction
A large effort has beenmade over the past decade to produce LCD’s
at lower cost, with improved properties. The viewing angle depen-
dency is reduced (color and intensity change when looking obliquely
at the display), the colors have better saturation and the contrast ratio
has increased (the ratio between the luminances of a white and a black
screen).
The research on liquid crystals is still very active, but the focus is
moving gradually away from pure display research. The unique fea-
tures of liquid crystals are now exploited in totally different domains.
Some of the new applications like Spatial Light Modulators are closely
related to displays, while others such as phase gratings, wave plates
and solitary waves are of a totally different nature. A common aspect
of many new research topics is the exploitation of microscopic device
features inside liquid crystals. Liquid crystals are typically used as a
versatile material in optical setups. Microscopic variations in an optical
material involve special effects such as diffraction and scattering of the
transmitted light which require further study.
1.2 Goal
Mywork started as a study of the optical characteristics of liquid crystal
displays, focused on the in-plane switching mode of liquid crystals.
During my research, I came in contact with many different aspects of
liquid crystals: modeling, optics, anchoring, technology, . . . Using the
principle of in-plane switching, I worked toward a new type of liquid
crystal device with remarkable features.
In the second chapter, a brief introduction in the field of liquid crys-
tals is given, explaining the main features of liquid crystals and how to
model and use them. Special attention goes to the in-plane switching
mode, which is further used in the other chapters.
Applications of liquid crystals involve almost always optics. For
comparing optical experiments with simulational results, a good tool is
required for calculating the optical transmission through a liquid crys-
tal layer. Therefore, chapter 3 deals with the optical algorithms used
during my work to model light propagation through inhomogeneous
liquid crystal layers. At the end of the chapter a simplified transmis-
sion model is presented which allows fast and easy calculation of the
transmission.
1.2 Goal 3
Chapter 4 investigates in more detail the anchoring of liquid crys-
tals at surfaces, an important aspect of liquid crystal technology. An-
choring was longtime considered a side topic of liquid crystals, but
with the increasing importance of weak anchoring it entered in the
spotlights in the past years. Nowadays, many of the mechanisms are
being studied and it is a main challenge for chemists to develop new
materials with specific anchoring properties. Through a number of ex-
periments different alignment materials are compared and a method is
developed which allows to measure the anchoring strength at the sur-
faces.
Finally in chapter 5, a new type of liquid crystal device is intro-
duced. The device is based on hexagonal electrodes in a honeycomb
arrangement on one of the two parallel substrates. The simulations in
the chapter focus mainly on its applications as a rotatable wave plate in
optical setups, but other applications such as displays are also possible.
I have studied the principle of operation of this device by numerical
simulations and optimized the dimensions. A first prototype has been
realized in collaboration with Chalmers University of Technology in
Go¨teborg (Sweden) and Intec department at the Universiteit Gent. The
feasibility of the device is demonstrated throughout the experiments
and some suggestions for future improvements are being made.
4 Introduction
Chapter 2
Liquid Crystals
This chapter gives an introduction to liquid crystals, explaining the
most important features and characteristics which will be used in the
following chapters.
2.1 Material properties
Materials in nature can be divided into different phases, also called
states of matter, depending on the mobility of the individual atoms or
molecules. The obvious states of matter are the solid, the fluid and
the gaseous state. In the solid state, intermolecular forces keep the
molecules close together at a fixed position and orientation, so the ma-
terial remains in a definite shape. In the fluid state, the molecules are
still packed closely together, but they are able to move around. Hence
a fluid does not have a rigid shape, but adapts to the contours of the
container that holds it. Like a liquid, a gas has no fixed shape, but
it has little resistance to compression because there is enough empty
space for the molecules to move closer. Whereas a liquid placed in a
container will form a puddle at the bottom of the container, a gas will
expand to fill the container.
Although the three categories seem very well defined, the borders
between the different states are not always clear. Apart from the three
familiar states, there exist a large number of other intermediate phases.
A simple example is a gel. A gel is not quite solid, neither is it a liq-
uid. Liquid crystals are another important intermediate phase which
exhibits features from both the solid and the fluid state. Liquid crystals
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have the ordering properties of solids but they flow like liquids. Liquid
crystalline materials have been observed for over a century but were
not recognized as such until 1880s. In 1888, Friedrich Reinitzer [1] is
credited for the first systematic description of the liquid crystal phase
and reported his observations when he prepared cholesteryl benzoate,
the first liquid crystal.
Ordinary fluids are isotropic in nature: they appear optically, mag-
netically, electrically, etc. to be the same from any direction in space.
Although the molecules which comprise the fluid are generally aniso-
metric in shape, this anisometry generally plays little role in macro-
scopic behavior. Liquid crystals [2–6] are composed of moderate size
organic molecules which tend to be elongated, like a cigar. At high tem-
(a) Isotropic (b) Nematic (c) Smectic A (d) Smectic C
Figure 2.1: Different phases of a thermotropic liquid crystals.
peratures, the molecules will be oriented arbitrarily as shown in Fig-
ure 2.1(a) forming an isotropic liquid. Because of their elongated shape,
under appropriate conditions, themolecules exhibit orientational order
such that all the axes line up and form a so-called nematic liquid crystal
(Figure 2.1(b)). The molecules are still able to move around in the fluid,
but their orientation remains the same. Not only orientational order can
appear, but also a positional order is possible. Liquid crystals exhibit-
ing some positional order are called smectic liquid crystals. In smectics,
the molecular centers of mass are arranged in layers and the movement
is mainly limited inside the layers as illustrated in Figures 2.1(c) and
2.1(d). If the molecules are on average oriented perpendicular to the
layers one speaks of a Smectic A phase, if they are oriented at an angle
to the layer normal one speaks of Smectic C.
Beside these simple examples, more complicated ways of stacking
2.1 Material properties 7
are possible, giving rise to many other types of liquid crystals. Chiral
molecules, molecules without mirror symmetry, can give rise to helices
comprising cholesteric liquid crystal phases. In ferroelectric or anti-
ferroelectric liquid crystals the smectic layers possess a permanent po-
larization which is constant or alternating between successive layers
respectively [7–9]. The nematic liquid crystal phase is by far the most
important phase for applications. In the rest of this document only the
nematic phase of liquid crystals is used.
In the nematic phase all molecules are aligned approximately par-
allel to each other. In each point a unit vector n can be defined, parallel
to the average direction of the long axis of the molecules in the imme-
diate neighborhood. This vector, known as the director, is not constant
throughout the whole medium, but is a function of space n(x, y, z). For
practical use, the director is usually specified by the twist and tilt angle
as illustrated in Figure 2.2. The azimuthal angle φ between the positive
x-axis and the projection of the liquid crystal director on the xy-plane is
defined as the twist angle or azimuthal angle of the director. The angle
θ between the director and its projection on the xy-plane is called the
tilt angle. The vectorial representation of the director is not unambigu-
ö
è
x
y
z
n
Figure 2.2: Definition of the twist angle φ and the tilt angle θ of the
liquid crystal director n.
ous. Physically there is no difference between the director orientations
n and −n, since as many molecules in the material have the tail point-
ing upward as downward. Unless specified otherwise the xy-plane in
this work will always coincide with the bottom glass substrate, with
the z-axis pointing toward the top substrate. In two-dimensional prob-
lems, there is no variation along the y-direction and only the xz-plane
is represented.
Nematic liquid crystals have uniaxial symmetry, which means that
in a homogeneous liquid crystal medium a rotation around the director
does notmake a difference. The bulk ordering has a profound influence
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on the way light and electric fields behave in the material. Nematic liq-
uid crystals are uniaxially anisotropic: the electrical and optical param-
eters are different if considered along the director or in a plane perpen-
dicular to it.
Figure 2.3 shows the molecular structure of a typical rod-like liq-
uid crystal molecule. It consists of two or more ring systems connected
by a central linkage group [5, 10]. The presence of the rings provides
Ring Ring
Linkage
group
SideChainTerminal Group
Figure 2.3: Molecular structure of a typical liquid crystal.
the short range molecular forces needed to form the nematic phase, but
also affects the electrical and elastic properties. The chemical stability
of liquid crystals, their resistance to e.g. moisture or ultraviolet radia-
tion, depends strongly on the central linkage group. Compounds with
a single bond in the center are among the most stable ones. At one
side of the rings there is a long side chain which strongly influences
the elastic constants and the transition temperature of the liquid crystal
phases. At the other end, a terminal group is connected, which deter-
mines the dielectric constant and its anisotropy. Figure 2.4 shows four
(CH )2 4 CH3N C 5PCH
(CH )2 3 CH3CH3 NCHO MBBA
(CH )2 5 CH3C NS 6CHBT
(CH )2 4 CH3 5CBN C
Figure 2.4: The molecular structure of four liquid crystal materials:
MBBA (4’ - methoxybenzylidiene - 4 - butylaniline), 6CHBT (4 - trans
- n - hexyl - cyclohexyl - isothiocyanatobenzene), 5PCH (4 - (trans
- 4’ - pentyl - cyclohexyl) - benzonitril) and 5CB (4 - pentyl - 4’ -
cyanobiphenyl).
examples of liquid crystal molecules [4,10–12]. Apart from the rod-like
molecules, more advanced-shaped liquid crystals are possible such as
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disk-like or banana-shaped liquid crystals which can give rise to other
types of ordering.
The phase in which a pure liquid crystal (with only one type of
molecule) exists depends on the temperature. Pure liquid crystals,
or mixtures of them, in which the phase is controlled by temperature
are called thermotropic liquid crystals. The Brownian motion of the
molecules increases with the temperature, reducing the order in the
material. At high temperature, orientational order is lost and the mate-
rial changes to the isotropic phase. When decreasing the temperature,
the material changes to the nematic phase. The temperature at which
the phase transition occurs, is specific for eachmaterial and is called the
nematic-isotropic transition temperature or clearing point. By further
lowering the temperature, the phase can change to the smectic A phase,
the smectic C and finally to the solid state. Each of the phase transi-
tions occurs at a specific temperature, but depending on the material
additional phases can appear or some can be missing.
Table 2.1 gives an overview of the temperature range of the nematic
phase for the liquid crystals used in this work [4,10–12]. Pure materials
such as 6CHBT, 5CB and 5PCH have a limited temperature range in
which the nematic phase occurs. ZLI-4792 and E7 [5, 10] are so-called
eutectic mixtures, designed to operate in a broader temperature range.
The nematic temperature range of a mixture of nematic liquid crystals
can be several orders of magnitude larger than that of the individual
components. The mixture for which the nematic temperature range is
maximal is called eutectic [2, 5, 10].
Table 2.1: Temperature range of the nematic phase of the used liquid
crystals
E7 ZLI-4792 6CHBT 5CB 5PCH
Melting point (◦C) -10 -40 12.5 24 30
Clearing point (◦C) 60.5 92 43 35.3 55
Beside the thermotropic liquid crystals, a different class of liquid
crystals is called lyotropic. These are mixtures of rod-like molecules
in an isotropic solvent and the concentration of the solution is primar-
ily responsible for the occurring phase. Lyotropic liquid crystals are
mainly of interest in biological applications and exhibit a considerable
number of different phases. In our research, only thermotropic liquid
crystal are examined.
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2.2 Alignment
In a glass vessel a liquid crystal appears as an opaque milky fluid. The
random variation of the director in the material on a micrometer scale
is the main cause of the light scattering.
For applications, it is important to obtain a region free of defects
with a known director distribution. Therefore, liquid crystals are usu-
ally handled in thin layers between two substrates. Control of the di-
rector at the surfaces allows reproducible director orientations as illus-
trated in Figure 2.5. The fixed orientation of the surface director forces
the director in the bulk to follow this direction. Two commonly used
types of alignment are planar and homeotropic alignment. In planar
alignment the surface director is oriented parallel to the surface, for
homeotropic alignment it is oriented perpendicular to the surface.
Homeotropic alignment can be achieved by treating the surface
with a surfactant such as HTAB (hexadecyl trimethyl ammonium bro-
mide). The molecules of HTAB tend to align themselves and the liquid
crystal director above perpendicular to the substrate surface.
(a) homeotropic (b) planar (c) planar with pretilt
Figure 2.5: Different possibilities for aligning liquid crystals at a sur-
face, to control the director orientation in the volume.
Many materials give rise to planar alignment, but an additional op-
eration is required to select the desired azimuthal angle. For example,
certain materials (e.g. polyvinylalcohol or polyvinylcinnamate) when
illuminated with polarized ultraviolet light, can force the surface direc-
tor to align parallel to the surface along a chosen direction. This process
is known as photoalignment [13–15]. Another simple and widely used
process to achieve planar alignment is rubbing. A polymer layer (e.g.
polyimide, nylon or polyvinylalcohol) is deposited on the surface and
rubbed with a soft tissue [16]. A liquid crystal deposited on the rubbed
polymer surface will exhibit a surface director parallel to the direction
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of rubbing with a small tilt angle. The direction of rubbing and the
resulting surface director are shown in Figure 2.5(c). The azimuthal di-
rection of rubbing is indicated with the pretwist φ0, called the rubbing
or alignment direction. The tilt angle at the rubbed surface θ0 is named
the pretilt.
A more detailed treatment of the alignment of liquid crystals at the
surface will be given in the chapter on weak anchoring.
2.3 Electric and elastic properties
As a result of the uniaxial anisotropy, an electric field experiences a
different dielectric constant when oscillating in a direction parallel or
perpendicular to the director. The difference ∆ε = ε‖ − ε⊥ is called
the dielectric anisotropy. If the dielectric constant along the director
ε‖, is larger than in the direction perpendicular to it ε⊥, one speaks of
positive anisotropy. The dielectric displacementD and the electric field
E are related to each other by a dielectric tensor of rank two. In case the
director is parallel to the z-axis, the tensor relation can be written as
D = ε0 ε · E = ε0

ε⊥ 0 0
0 ε⊥ 0
0 0 ε‖
 · E, (2.1)
with ε0 = 8.85 10−12 F/m the dielectric permittivity of vacuum. Due
to the anisotropy, the dielectric displacement D and the induced dipole
moment are not parallel to the electric field, except when the director n
is parallel or perpendicular to the electric field E. Therefore, a torque
Γ = ε0∆ε
(
n.E
) (
n × E
)
(2.2)
is exerted on the director. For materials with positive anisotropy, the
director prefers to align parallel to the electric field. Liquid crystals
with a negative anisotropy tend to orient themselves perpendicularly
to the electric field.
In a configuration with an externally applied electric field, the
macroscopic electrostatic energy per unit volume can be expressed
as a function of the electric field E and the director n:
fe =
1
2
D · E = ε0
2
(
∆ε
(
n · E
)2
+ ε⊥
(
E · E
))
. (2.3)
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The reorientation of the liquid crystal director by an externally ap-
plied electric field is one of the most exploited characteristic of liquid
crystals. It is the base of operation for the so-called liquid crystal dis-
plays (LCD’s).
The externally applied electric field E is often generated by elec-
trodes on the bottom and/or top substrate. For optical devices trans-
parent electrodes are used, made from Indium Tin Oxide (ITO). Ionic
contamination of the liquid crystal material lowers the effective electric
field that acts on the director. Since only squares of the electric field and
the director are present in the electrostatic energy (2.3), the direction of
the field ±E does not make a difference. Therefore, to avoid negative
effects of ions moving in the liquid crystal such as image sticking and
flicker [17–21], the applied voltages used in applications are always
square waves with alternating positive and negative pulses. Also in
this work, applied voltages are without exception assumed to be square
waves.
A liquid crystal medium prefers a uniform director distribution. A
variation of the director in space induces an increase of the free energy.
According to the elastic theory for liquid crystals, the distortion energy
related to the variation of the director in space can be written as [3, 10]
fd =
1
2
[
k11 (∇ · n)2 + k22 (n · ∇ × n)2 + k33 (n × ∇ × n)2
]
, (2.4)
with the three elastic constants k11, k22 and k33. This equation is known
as the Oseen-Frank distortion energy. The three terms in the equation
are related to distortion due to splay, twist and bend respectively as
illustrated in Figure 2.6.
(a) splay (b) twist (c) bend
Figure 2.6: Twist, bend and splay distortion of the liquid crystal direc-
tor.
Calculations of the equilibrium director distribution involve mini-
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mizing the total free energy of the volume. In our approach, a constant
voltage is applied to the electrodes, in which case the Gibbs free energy
of the liquid crystal medium [22, 23]
F =
∫
V
[
fd (n) − fe
(
n,E
)]
dV. (2.5)
must be minimized using the Euler-Lagrange equation. During my re-
search I used different numerical tools to perform the necessary calcu-
lations. For one-dimensional calculations with plane electrodes at top
and bottom, I used the software tool Glue [24]. Glue was developed
in the Liquid Crystals & Photonics Group of the Universiteit Gent. It
performs calculations of the director distribution and the optical trans-
mission for one-dimensional liquid crystal layers as a function of the
applied voltage or wavelength of the incident light.
Two- or three-dimensional simulations have been performed using
a dynamic three-dimensional Liquid Crystal Director Simulation tool
MonLCD [25–29], developed by the Computer Modelling Group of
University College London in the framework of the European project
MonLCD (G5RD-CT-2000-00115). The method is based on an approach
starting from the Oseen-Frank elastic distortion energy density and the
electrostatic energy of the liquid crystal. It calculates the dynamic evo-
lution of the liquid crystal director, which is governed by the three re-
laxation equations
∂F
∂nδ
+
∂
∂n˙δ
(
γ1
2
∫
V
n˙µn˙µdV
)
= 0, (2.6)
with µ, δ = x, y, z and using the Einstein summation convention with
respect to µ. γ1 is the rotational viscosity of the liquid crystal mate-
rial. A finite elements approach is used to solve the above system of
differential equations for the director and the electric fields. A detailed
description of the algorithm used for the relaxation and minimization
of the total free energy and the calculation of the potential distribution
are given in references [28–30]. A limited number of two-dimensional
director calculations have also been performed using the commercial
software tool 2dimMOS [31].
Table 2.2 gives an overview of the electrical and elastic parameters
for the liquid crystals used for the experiments and simulations in this
work [4, 10–12, 32].
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Table 2.2: Electrical parameters of the used liquid crystals
E7 ZLI-4792 6CHBT 5CB 5PCH
ε‖ 19.6 8.3 12 19.7 17.1
ε⊥ 5.1 3.1 4 6.7 5
∆ε 14.5 5.2 8 13 12 .1
k11 (pN) 12 13.2 8.57 6.4 8.5
k22 (pN) 9 6.5 3.7 3 5.1
k33 (pN) 19.5 18.3 9.51 10 16.2
γ1 (mPa.s) 0.15 0.1232 0.083 0.081 0.123
2.4 One-dimensional configurations
Figure 2.7 shows three examples of liquid crystal layers sandwiched
between two substrates. On the surfaces in contact with the liquid crys-
tal, electrodes and alignment layers are deposited. A voltage applied
over the electrodes generates an electric field along the z-axis, perpen-
dicular to the surfaces. From the minimization of (2.5) results a one-
dimensional director distribution, which varies along the z-axis.
In Figure 2.7(a) the alignment layers of both surfaces were rubbed
in the same direction. This is called a pi-cell or splay cell. The obtained
director distribution is inhomogeneous and shows a splay distortion.
Technologically this cell is less attractive since it suffers from inhomoge-
neous switching. The director in the middle of the layer, the midplane,
is perpendicular to the electric field and feels no net torque, while just
above and below the director is forced to rotate in opposite directions.
This leads to domains with different switching directions. A homoge-
(a) splay (b) anti-parallel (c) twisted nematic
Figure 2.7: Different configurations of liquid crystal layers between
two surfaces with rubbed alignment layers with no externally applied
electric field.
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neous director distribution during switching is obtained when the top
and bottom substrate are rubbed in opposite direction as illustrated in
the anti-parallel rubbed liquid crystal cell in Figure 2.7(b). An angle
of 90◦ between the rubbing at the top and bottom substrate results in
a linear variation of the twist angle along the surface normal. This is
referred to as a twisted nematic cell [33].
The distance d, between the top and bottom substrate in a liquid
crystal cell ranges typically from 1 to 100 µm, depending on the used
liquid crystal and the intended application. The two surfaces are kept
parallel at a constant distance by spacers, microscopic spheres or rods
made of polymer or glass. The spacers are mixed in the glue that holds
the two substrates together and if necessary also spread on the whole
substrate surface by spinning.
Figure 2.8: Tilt and twist distribution for voltages from 0 to 5 V in an
anti-parallel rubbed and a twisted nematic liquid crystal cell. The full
curves represent the tilt angle, the dashed curves correspond with the
twist. The arrows indicate the direction in which the voltage increases.
Figure 2.8 shows the variation of the tilt angle θ and the twist angle
φ along the surface normal for different values of the applied voltage
for the anti-parallel rubbed and the twisted nematic liquid crystal cell.
The calculations are done with Glue, using a layer thickness d of 4 µm
and the parameters of the liquid crystal E7. The anti-parallel liquid
crystal cell has a pretwist of 45◦ and the twisted nematic was aligned
along the x and y-axis respectively at the top and bottom surface. The
tilt angle variation as a function of the height z is drawn as a full line
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and looks similar for the anti-parallel rubbed and twisted nematic cell.
At 0 V, the tilt equals the pretilt as was shown in Figures 2.7(b) and
2.7(c). With an increasing electric field the midplane director starts tilt-
ing toward 90◦.
In the anti-parallel rubbed liquid crystal cell, the twist angle is not
influenced by the electric field. In the twisted nematic cell, the twist at
0 V varies linearly from 0 to 90◦(see Figure 2.7(c)). By increasing the
applied voltage, the 90◦ rotation is concentrated around the midplane,
because a change in the azimuth requires less energy if the tilt is close
to 90◦.
At high voltages, both cells can be approximated by a stack of three
twistless layers. At the two surfaces, a thin layer is present with a
constant twist angle equal to the alignment direction (φ = 45◦ for Fig-
ure 2.8(a) and φ is either 0◦ or 90◦ for Figure 2.8(b)). The tilt angle θ in
the layers varies quickly from θ0 at the surface to 90◦. Between the two
layers at the surfaces lies a thick homogeneous layer with the director
perpendicular to the surfaces (θ = 90◦).
2.5 In-Plane switching
The in-plane switching (ips) mode of liquid crystals [34–37] is based on
the principle of a rotatable wave plate. The liquid crystal layer, with
thickness d, is sandwiched between two glass substrates as shown in
Figure 2.9.
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Figure 2.9: Schematic drawing of the in-plane switching mode of a liq-
uid crystal cell
The director at top and bottom is aligned by anti-parallel rubbing
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along the azimuthal direction φ0 with a small pretilt and forms a uni-
form birefringent layer. Whereas in the previous section, the positive
and negative electrodes were positioned on the opposite glass plates,
here the positive and negative electrodes are both positioned on the bot-
tom glass substrate forming a pattern of parallel interdigitated stripes
along the y-direction at a small angle to the rubbing direction. The
width of the electrodes and the gap between the electrodes are indi-
cated as w and g. A voltage applied over the electrodes generates an
electric field E between the electrodes. Whereas in the previous section,
the electric field Ewas oriented parallel to the z-axis, the electric field E
in the in-plane switching mode is mainly directed along the x-direction
and rotates the director in the plane parallel to the surface.
2.5.1 Director distribution
In real devices, the interdigitated electrodes of the in-plane switching
mode are formed by two overlapping comb-shaped electrodes, as in
Figure 2.10, both positioned on the bottom substrate. The dashed rect-
ö0
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y
Rubbing
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Figure 2.10: Electrode structure of the in-plane switching mode of liq-
uid crystals on the bottom glass substrate.
angle which takes up most of the surface is the most important re-
gion. In good approximation the electrode configuration in the rectan-
gle generates a periodic two-dimensional potential distribution, invari-
ant along the y-axis. Therefore, also the obtained director distribution
varies along the x- and z-direction.
Figure 2.11 shows the director and potential distribution for the in-
plane switching mode in the xz-plane. The distribution is calculated
for the liquid crystal material E7, using the three-dimensional simula-
tion tool MonLCD. The full width of the electrodes w is 6 µm and the
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distance g between them is 12 µm. The voltage applied over the elec-
trodes is 10 V. The thickness of the simulated liquid crystal layer d is
Figure 2.11: Two-dimensional calculation between the center of two
neighboring electrodes of the director and potential distribution in the
in-plane switching mode of liquid crystals (liquid crystal E7, φ0 = 80◦,
θ0 = 1◦, d = 4 µm, w = 6 µm, g = 12 µm, applied voltage 10 V). Plotted
area = 18 × 4 µm.
4 µm and the alignment has a pretwist φ0 of 80◦ and a pretilt θ0 of 1◦.
The plotted area covers the region between the center of two neighbor-
ing electrodes with horizontal dimension g +w and vertical dimension
d. Below the distribution, two black rectangles indicate the location of
the electrodes. The background color indicates the potential distribu-
tion, the color and length of the cylinders indicate the director tilt and
twist angle.
Between the two neighboring electrodes, the horizontal electric field
has rotated the bulk director toward the x-direction. At the top and
bottom surface, the director is strongly anchored along the rubbing di-
rection. Over a thin surface layer the director is reoriented from the
alignment direction toward the bulk orientation. Above the electrodes,
the electric field has a strong perpendicular component. This yields an
almost vertical orientation of the director above the electrodes.
2.5.2 One-dimensional approximation
The liquid crystal director in the in-plane switching mode is rotated in
the plane parallel to the glass surfaces due to a horizontal electric field,
generated by a pattern of interdigitated electrodes on one of the two
substrates. The gap between neighboring electrodes is typically wider
than the width of the electrodes and the thickness of the layer (g > w ≈
d). The region between the electrodes is therefore the most significant
for the transmission of the cell and a simple one-dimensional [34] ap-
proach is possible. It is valid if the spacing between the electrodes g is
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large compared to the thickness of the liquid crystal layer d. When this
is the case, a number of simplifications can be introduced:
– The electric field E is assumed to be homogeneous and parallel to
the x-axis (Figure 2.9). The strength of the electric field E is related
to the applied voltage by E ≈ V/g.
– The small pretilt at the surface due to the rubbing process is ne-
glected: θ0 = 0.
– The liquid crystal director at top and bottom is fixed at an angle
φ0 with the x-axis.
The two-dimensional director calculation in Figure 2.11 shows that
these one-dimensional simplifications simplifications are valid in the
region between the electrodes not too close to the electrode edges. In
display applications, the electrodes are mostly opaque to avoid the
adverse effects of light transmission through the regions above the
electrodes. Therefore, the simple model gives also useful results.
The distribution of the director is derived by minimizing the total
free energy of the liquid crystal layer. With the simplifications listed
above, the free energy per unit surface is transformed to
F =
1
2
∫ d
0
k22
(
dφ
dz
)2
− ε0 ∆εE2 cos2 φ
dz, (2.7)
with k22 the twist elastic constant and ∆ε the dielectric anisotropy of the
liquid crystal material. This shows that the tilt angle is not affected by
the electric field (θ(z) = θ0 = 0) and only the twist angle φ is a function
of the height z.
The equation is simplified by substituting the electric field E and the
height z by the normalized parameters [38]
h =
E
Ec
with Ec =
pi
d
√
k22
|∆ε| ε0 (2.8)
and
ζ =
z
d
. (2.9)
The critical electric field Ec [34,39] is theminimal strength of the electric
field required for reorientation of the director in case of φ0 = pi/2. This
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is known as the Fre´edericksz transition [3, 11]. From Ec the threshold
voltage of the in-plane switching mode can be estimated
Vth = Ec g =
pig
d
√
k22
|∆ε| ε0 . (2.10)
Substitution of (2.8) and (2.9) in (2.7) leads to a simplified expression
for the free energy
F =
k22
2d
∫ 1
0

(
dφ
dζ
)2
− pi2 h2 cos2 φ
dζ (2.11)
as a function of the normalized applied electric field h and the relative
height ζ.
Solution of (2.11) for φ(ζ) requires a variational approach. Substi-
tution of the integrand in the Euler-Lagrange equation [40, 41] gives a
nonlinear differential equation
d2φ
dζ2
− pi2h2 sinφ cosφ = 0. (2.12)
with boundary conditions φ(0) = φ(1) = φ0. For the further calcu-
lations, this boundary value problem is solved numerically using the
Matlab boundary value problem solver for ordinary differential equa-
tions [42].
The free energy in equation (2.7) together with the boundary condi-
tions depends on 5 physical parameters: the liquid crystal twist elastic
constant k22 and its dielectric anisotropy ∆ε, the applied electric field
E, the alignment direction φ0 and the layer thickness d. After normal-
ization, Euler-Lagrange leads to a differential systemwith only two in-
dependent variables: the normalized electric field h and the alignment
direction φ0. This means that all liquid crystals will exhibit the same
director distribution in the in-plane switching mode. The choice of the
liquid crystal material and the dimensions of the cell only result in a
different scaling of the applied field.
Figure 2.12 shows the result of a calculation of the azimuthal angle
φ of the director as a function of the height ζ for different values of the
normalized field h and φ0 = 85◦. Initially at h = 0 the twist φ is uniform
throughout the whole layer (φ(ζ) = φ0). For increasing field strengths,
the rotation toward the x-direction is initiated in the center. For higher
values of h the azimuthal angle φ saturates at φ = 0. A further increase
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Figure 2.12: Twist angle φ as a function of the normalized height ζ
for different values of the field h = 0, 0.2, . . . , 10 and an alignment
direction φ0 = 85◦. The arrow indicates the direction in which the field
increases.
of h yields a homogeneous layer in the middle with the director along
the x-direction and two narrow layers at top and bottom with a rapid
reorientation of the director, similar to the variation of the tilt angle in
the twisted nematic and anti-parallel liquid crystal cell in Figure 2.8.
Figure 2.13: Midplane twist angle as a function of the normalized
applied field h for different values of the alignment direction φ0 =
5, 10, . . . , 85, 89.5◦. The different curves can be distinguished by their
value at h=0.
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The midplane twist φ(1/2) is plotted as a function of the applied
field h in Figure 2.13 for different directions of the alignment φ0. For
φ0 = 90◦ the differential equation is not well conditioned, therefore the
highest value of φ0 is 89.5◦.
It is clear that the alignment angle φ0 has a profound influence on
the switching behavior. Only for φ0 ≈ 90◦ a sharp threshold at h = 1 is
obtained. For non-perpendicular alignment (φ0 < 90◦), the rotation of
the midplane director starts at small values of h. A smaller φ0 yields a
decrease of the threshold, but the transition to zero is less sharp.
In display applications a sharp threshold is usually preferred, but
for φ0 = 90◦ the rotation can occur toward the positive or the negative
x-axis. This results in domains with opposite rotations. To avoid this in
applications, the symmetry is broken by choosing a value of φ0 close to
90◦T˙he obtained smooth transition is called a quasi-threshold [11].
A side effect of decreasing φ0 (not discussed here), is a faster re-
sponse time of the liquid crystal [43, 44]. In display applications this is
regarded as an advantage.
Chapter 3
Optical Transmission
Applications of liquid crystals involve almost always optics. For com-
paring optical experiments with simulational results, a good tool is re-
quired for calculating the optical transmission through a liquid crystal
layer. Optical waves also involve electric fields, but the associated fre-
quencies are much higher than those of the fields generated by the ap-
plied voltages. Therefore the dielectric constants, which arise from the
electronic response of the molecules to the externally applied fields, are
different. To make the distinction, the refractive index is usually given
for optical waves instead of the dielectric constant. For non-magnetic
materials, the dielectric constant ε and the refractive index n are related
to each other by the relation ε = n2.
In a uniaxial liquid crystal medium, the refractive index for an elec-
tric field oscillating in the plane perpendicular to the director is called
the ordinary refractive index no, the electric field parallel to the di-
rector experiences the extra-ordinary refractive index ne. The uniaxial
anisotropy of the refractive index ∆n = ne − no is called birefringence.
Birefringence allows to manipulate the polarization of light propagat-
ing through the medium (see further). Table 3.1 gives the ordinary
and extra-ordinary refractive index of the liquid crystals used in this
work with the wavelength and temperature at which they are speci-
fied [4,10–12,32]. The value of ∆n ranges from below 0.1 for lowly bire-
fringent liquid crystals up to exceptional values of about 0.4 for highly
birefringent liquid crystals.
Optical waves can also reorient the liquid crystal director in an ana-
logue manner as the electrically applied fields [5, 45, 46]. In a display
this can be neglected, since both the optical dielectric anisotropy ∆ε
24 Optical Transmission
Table 3.1: The ordinary and extra-ordinary refractive index of the liq-
uid crystals used in this work, with the temperature and wavelength at
which they were determined
E7 ZLI-4792 6CHBT 5CB 5PCH
ne 1.75 1.5763 1.67 1.7063 1.604
no 1.5231 1.4792 1.52 1.5309 1.4875
∆n 0.2269 0.0971 0.15 0.1754 0.1165
T (◦C) 20 20 22 25 30.3
λ (nm) 577 589 632.8 589
and the intensity of the optical fields are typically much lower than
those used in the static case. Therefore the optical transmission can be
calculated separately from the director calculations. Several algorithms
are used in this work to calculate the propagation of an optical wave
through a liquid crystal medium. The different methods are briefly ex-
plained in the next sections.
3.1 Polarization of light
Optical calculations are generally performed at a single wavelength
and pure monochromatic light is by definition polarized. The elec-
tric field of a polarized plane wave propagating along the z-axis in an
isotropic medium with refractive index n is a periodically varying vec-
tor in the xy-plane
{
Ex = Ax cos(ωt − kz + δx)
Ey = Ay cos(ωt − kz + δy) , (3.1)
describing an ellipse [47, 48]. k = 2pin/λ is the wave number and ω =
2pic/λ the angular frequency. λ and c are the wavelength and the speed
of light in vacuum.
Ax and Ay represent the amplitudes of the oscillations of the electric
field along the x and y-axis as shown schematically in Figure 3.1. Usu-
ally these amplitudes are normalized with respect to some reference
field and therefore dimensionless. The phases δx and δy determine the
shape of the ellipse. For δy−δx = mpiwithm = 0, ±1, ±2, . . . the electric
field vector moves along a straight line and the polarization state of the
light is said to be linear. For δy − δx = mpi + pi/2 the tip of the electric
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Figure 3.1: The polarization ellipse described in the xy-plane by the
oscillating electric field vector of a plane wave propagating in the z-
direction.
field vector rotates on a circle and the light is circularly polarized. For
other values, the light is polarized elliptically.
If the tip of the electric field vector in a given plane, seen by an ob-
server facing the approaching wave, moves in a clockwise direction the
field is said to have right-handed polarization [48, 49]. A counterclock-
wise rotation corresponds with left-handed polarizations.
The rotation angle ψ and the ellipticity angle χ can be used to repre-
sent all polarizations on the Poincare´ sphere [10, 48, 50]. On the sphere,
the azimuthal angle 2ψ corresponds with twice the rotation ψ of the
longest principle axis of the ellipse, while the inclination 2χ is a mea-
sure for its ellipticity. Linear polarizations are represented on the equa-
tor and circularly polarized light on the poles. The other points cor-
respond to elliptically polarized light, right-handed in the upper half
plane and left-handed in the lower. Each meridian represents a class
of elliptic polarization states with identical orientation of the princi-
ple axes. Circles with a constant latitude correspond with polarization
states which have an identical ellipticity, but different rotation angle.
The Poincare´ sphere is useful for the graphical representation of the
change in the polarization state while propagating through a medium.
Without loss of information the electric field can also be written as
a complex vector
E =
[
Ex
Ey
]
=
[
Ax e
iδx
Ay e
iδy
]
, (3.2)
known as the Jones vector. The representation of (3.1) can be retrieved
by the operation Re[E ei(ωt−kz)]. The intensity of the wave is calculated
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Figure 3.2: Representation of the polarization state of light on the
Poincare´ sphere.
as I = |Ex|2+|Ey|2. The propagation of a plane wave through an isotropic
mediumwith refractive index n can be expressed using the Jones vector
as
E(z) = E e−i
2pin
λ z. (3.3)
In isotropic media, the third component of the electric field Ez is
zero, therefore it is omitted in the Jones vector notation. In anisotropic
media this is no longer true, nevertheless the Jones vector can still be
used. The two components Ex and Ey are sufficient to reconstruct the
third component Ez.
3.2 Jones Matrix Method
Light propagation through anisotropic media is a complicated matter,
but for normal incidence on a uniaxially birefringent layer, a simple
2×2 matrix formalism is available: the Jones Matrix Method [10,51,52].
The light wave incident from the isotropic medium can be divided
in two independently propagation modes. The two modes, the ordi-
nary and the extra-ordinary wave, are orthogonal linearly polarized
plane waves propagating with a different speed in the same direction
as the incident wave. The polarization of the ordinary wave is per-
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pendicular to the direction of propagation and to the uniaxial axis and
experiences a refractive index no. The extra-ordinary wave has a po-
larization perpendicular to the ordinary wave and lies in the plane de-
termined by the uniaxial axis and the direction of propagation. The
refractive index of the extra-ordinary wave is [10]
neff =
[
sin2 θ
n2o
+
cos2 θ
n2e
]−1/2
, (3.4)
with θ the tilt angle of the uniaxial axis as defined in Figure 2.2.
For a layer with the uniaxial axis located in the xz-plane, the Jones
vector representations of the polarization for the extra-ordinary and the
ordinary wave are parallel to respectively the x and y-axis. Therefore
using (3.3), the transmission of an incident wave with arbitrary polar-
ization is governed by
[
Ex1
Ey1
]
=W0
[
Ex0
Ey0
]
=
 e−i
2pineff
λ d 0
0 e−i
2pino
λ d

[
Ex0
Ey0
]
, (3.5)
with d the thickness of the layer. The retardation matrix W0 changes
the polarization of the wave while propagating through the layer. The
difference in optical path length (neff − no)d between the two waves is
called the retardation.
A quarter wave plate is a birefringent plate with the uniaxial axis
parallel to the surface and a retardation of λ/4. Light with a linear po-
larization at an angle of 45◦ with the uniaxial axis is, after propagation
through the layer, transformed into circularly polarized light. A half
wave plate has a retardation of λ/2. After propagation through the half
wave plate, the polarization ellipse of the normally incident plane wave
is mirrored with respect to the uniaxial axis.
If the uniaxial axis is not in the xz-plane, a coordinate transforma-
tion is necessary to decompose the electric field into the ordinary and
extra-ordinary mode of the layer. This transformation is simply a rota-
tion of the coordinate axes around the z-axis[
Ex1
Ey1
]
= R
(
φ
) [ Ex0
Ey0
]
=
[
cosφ sinφ
− sinφ cosφ
] [
Ex0
Ey0
]
. (3.6)
The combination of coordinate transformation, retardation and a return
to the original coordinate system is called the Jones matrix[
Ex1
Ey1
]
= J
[
Ex0
Ey0
]
= R
(
−φ
)
W0R
(
φ
) [ Ex0
Ey0
]
. (3.7)
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If the layer is not homogeneous, but only varies along the surface
normal, it can be approximated by a stack of thin homogeneous layers.
The Jones matrices of the individual layers are then multiplied sequen-
tially [
Ex1
Ey1
]
= Jn Jn−1 . . . J1 J0
[
Ex0
Ey0
]
. (3.8)
In one-dimensional liquid crystal layers, the uniaxial axis corresponds
with the director and the Jones Matrix Method gives excellent results.
The Jones Matrix Method assumes there is no reflection of the
light at either surface or internally and the light is totally transmitted
through the layer. A better approximation is taking the transmission
losses at the top and bottom interface of the layer into account. This
gives a final Jones matrix [10, 53]
[
Ex1
Ey1
]
= t′ Jn Jn−1 . . . J1 J0 t
[
Ex0
Ey0
]
, (3.9)
with t and t′ the Fresnel transmission coefficients at the interfaces be-
tween the medium and air given by [49]
t =
2
1 + n
(3.10a)
t′ =
2n
1 + n
. (3.10b)
t and t′ represent respectively the air-to-medium and the medium-to-
air interface. As refractive index n of the medium is chosen either the
refractive index of the polarizers [54] or the ordinary refractive index of
the liquid crystal [10, 53].
Although the Jones Matrix Method works solely with polarized
light, calculations with unpolarized light can be approximated. The
unpolarized light is then decomposed in two components with an or-
thogonal linear polarization and equal intensity. The transmission of
the two linearly polarized components is calculated separately and the
intensity of the results is summed afterward.
In case of oblique light incidence the calculation through a birefrin-
gent layer is more complicated and I refer to literature [10, 50]. Two
different extensions for the Jones Matrix Method to oblique light in-
cidence are available in literature [53–55]. I use the Extended Jones
Matrix Method in the approximation of A. Lien [54] which does not
make the small birefringence approximation. In this approximation
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the difference in propagation direction between the ordinary and extra-
ordinary wave due to double refraction [50] is neglected.
3.2.1 Polarizer
A polarizer, used in most optical setups involving birefringence, is a
special type of anisotropic layer. In an ideal polarizer the ordinary
wave propagates unmodified through the medium, whereas the extra-
ordinary wave is absorbed. An arbitrarily polarized plane wave en-
tering such a medium results in a linearly polarized wave exiting the
medium. The Jones matrix of an ideal polarizer with the absorbing axis
along the y-direction is represented by
P =
[
1 0
0 0
]
. (3.11)
The orientation of a polarizer is typically indicated by its transmission
axis, which corresponds with the polarization of the ordinary wave.
In lots of devices a set of crossed polarizers is used, this implies two
polarizers with orthogonal transmission axes. The first is referred to as
the polarizer, the second as the analyzer. The azimuthal angle of the
transmission axis of the polarizer and analyzer will be indicated with
respectivelyφp and φa. For crossed polarizers applies that φa = φp+90◦.
In practice, polarizers can be made of dichroic materials. These ma-
terials absorb light polarized along the uniaxial axis more than in the
plane perpendicular to it [49, 56, 57]. Typically the uniaxial axis of po-
larizers lies in the xy-plane. Absorbing materials are represented by a
complex refractive index. For dichroic materials, the real part of the re-
fractive index is isotropic while the imaginary part is anisotropic. An
example is polaroid, with no = 1.887 − i 2.23 10−5 and ne = 1.887 −
i 1.5 10−3. For good polarizers the absorption of the extra-ordinary
wave is several orders of magnitude larger than that of the ordinary
wave.
3.2.2 Twisted nematic and anti-parallel rubbed
Figure 3.3 shows the electro-optic transmission characteristic of unpo-
larized light through the anti-parallel rubbed and the twisted nematic
liquid crystal cells of Figure 2.8 for a wavelength λ of 600 nm. The cells
are positioned between crossed polarizers with the transmission axes
along the x and y-axis (φp = 0◦ and φa = 90◦).
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Figure 3.3: Electro-optic characteristic of an anti-parallel rubbed and a
twisted nematic liquid crystal cell, calculated with the director distri-
bution obtained in Figure 2.8 for a wavelength λ of 600 nm.
For the anti-parallel rubbed cell, the total retardation of the layer
before applying a voltage was one and a half times the wavelength.
Applying a voltage orients the director perpendicular to the surface,
reducing the total retardation. For a retardation of λ and λ/2 the trans-
mission reaches first 0 and then a maximum. Further increasing the ap-
plied voltage reduces the retardation even more and results in a mono-
tone decline of the transmission toward zero.
In the twisted nematic cell for thick layers, the incident linear polar-
ization follows roughly the rotation of the director and the light is trans-
mitted through the analyzer. Applying a voltage destroys the smooth
rotation of the director. The polarization will thus remain along the
x-axis and is absorbed by the analyzer.
The transmission of the anti-parallel rubbed liquid crystal cell de-
pends strongly on the considered wavelength. Because the twisted ne-
matic cell is less sensitive to the wavelength, it is more widely used in
displays than the anti-parallel rubbed liquid crystal device. The con-
struction and working of a twisted nematic liquid crystal display is
shown in Figure 3.4.
A light source at the back provides unpolarized light, which is po-
larized before entering the liquid crystal layer. Transparent ITO elec-
trodes and alignment layers are deposited on both glass substrates to
respectively apply the electric field and ensure the 90◦ twist of the direc-
tor. Without any voltage applied, the linear polarization of the incident
light follows the rotation of the director as shown on the left. If the
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Figure 3.4: Bright state and dark state of a twisted nematic liquid crys-
tal display.
applied electric field is strong enough, the director is oriented perpen-
dicular to the surface and the light experiences an isotropic medium.
The polarization is not changed and the light is absorbed by the ana-
lyzer, resulting in the dark state.
3.2.3 In-plane switching mode
Finally, Figure 3.5 shows an example of the electro-optic transmission
characteristic in the in-plane switchingmode for the different directions
of the alignment φ0 that were presented in Figure 2.13. The calculations
are carried out with the Jones Matrix Method using a layer thickness d
of 2.1 µm, a wavelength λ of 600 nm and the parameters of the liquid
crystal E7. Since the distance between two neighboring electrodes of
the in-plane switching device is not specified, the transmission is still
plotted as a function of the normalized applied electric field h. The
crossed polarizers at both sides of the layer are for each of the plots
oriented parallel and perpendicular to the respective alignment φ0.
The influence of the alignment on the threshold is visible in the
transmission characteristics. With decreasing φ0 the threshold voltage
is reduced, but the increase of the transmission is less sharp. For φ0
smaller than pi/4 the curves increase monotonously, while for higher
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Figure 3.5: Electro-optic characteristic of a liquid crystal cell in the in-
plane switching mode, calculated for different directions of the align-
ment φ0 = 5, 10, . . . , 85◦ and crossed polarizers with the transmission
axes parallel and perpendicular to the respective anchorings φ0.
values they reach a maximum. This maximum is shifted to weaker
fields for higher values of φ0. In order to keep the voltage range in
applications low and achieve a maximum contrast, high values of φ0
(above 45◦) are preferred.
The optical characteristics of the in-plane switching mode are far
better than those of the classic twisted nematic and anti-parallel config-
urations [36, 58–61]. In the off-state, the crossed polarizers absorb the
light for all wavelengths, which yields a high contrast. Since the trans-
mission in the dark state remains low at oblique viewing angles, the
contrast decreases less as a function of the viewing angle. Moreover,
gray scale inversion occurs less in the in-plane switching mode. Gray
scale inversion happens when the transmission at an oblique view-
ing angle is no longer a monotonic increasing function of the applied
voltage. Therefore the in-plane switching liquid crystal display is fre-
quently used in flat-panel display applications.
3.3 Rigorous Coupled Wave Method
The problems handled in this work concern thin layers of liquid crystal
with a lateral periodicity in one or two directions, therefore the Jones
Matrix Method is not always useful. To calculate the optical trans-
mission, general optical algorithms are available in literature based on
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finite-difference time domain [62–64] or beam-propagation [46, 65–67].
But, for plane waves incident on a periodic dielectric medium, the Rig-
orous Coupled Wave Method (RCWM) [68–70] can also be used. It
starts from an analytical solution for the transmission, using an infinite
number of diffraction orders.
Suppose a plane wave with wave vector k0 = k0x1x + k0y1y + k0z1z
is incident on an anisotropic dielectric layer invariant along the z-axis
and with periods Λx and Λy along the x and y-direction. The dielectric
tensor ε (r), which describes the variation of the director through the
volume is no longer a constant, therefore the Maxwell equations
∇ × E + iωµ0H = 0 (3.12a)
∇ ×H − iωε0 ε (r) · E = 0 (3.12b)
∇ ·
(
ε (r) · E
)
= 0 (3.12c)
∇ ·H = 0 (3.12d)
have to be solved for the electric and magnetic field E and H, with µ0 =
4pi 10−7 H/m the magnetic permeability of vacuum.
Because of the lateral periodicity, the components of the dielectric
tensor εαβ (α, β = x, y, z) can be expanded in a Fourier series
εαβ (r) =
∑
lm
εαβ,lm e
iKlm·r. (3.13)
The wave vector Klm = lKx1x + mKy1y is related to the lateral period-
icity by Kx = 2pi/Λx and Ky = 2pi/Λy. The Bloch-Floquet theorem [4]
states that in this case the electromagnetic fields inside and outside the
grating can also be expressed as a Fourier expansion
E =
∑
lm
elm(z) e
−iklm·r (3.14a)
H =
∑
lm
hlm(z) e
−iklm·r (3.14b)
with
elm = ex , lm 1x + ey , lm 1y + ez , lm 1z (3.15a)
hlm = hx , lm 1x + hy , lm 1y + hz , lm 1z (3.15b)
and
klm = (k0x + lKx) 1x + (k0y +mKy) 1y. (3.16)
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After substitution of (3.13) and (3.14) in (3.12), rearranging the compo-
nents yields the differential equation
d f t
dz
= iC f t (3.17)
f n = D f t. (3.18)
with the infinite column vectors
f t =

ex , lm
hy , lm
ey , lm
hx , lm
 and f n =
[
ez , lm
hz , lm
]
(3.19)
containing all components of the electric and magnetic fields expressed
in (3.14) and (3.15) with l,m = −∞, . . . ,∞. The indices t and n of the
vectors f t and f n indicate respectively the tangential and normal com-
ponents of the field components. For the expression of all the elements
of the matrices C andD, I refer to references [16,69,70]. The solution of
the differential system (3.17) for the lateral components of the electric
field, immediately yields the solution for the normal components using
(3.18).
The Fourier expansion of the dielectric tensor and the fields contain
an infinite number of orders. For calculations, the number of compo-
nents in the Fourier series is truncated. Usingm and n orders to express
the electric and magnetic fields in the x and y-direction, the number of
rows in the square matrix C is 4(2m + 1)(2n + 1). This means the size of
the systemmatrix C increases quadratically with the number of diffrac-
tion orders taken into account, for example m = n = 10 yields a matrix
of size 1764 × 1764.
The solution of the Maxwell equations is now reduced to an Eigen-
value problem. Using a matrix M containing the Eigenvectors of C,
equation (3.17) can be rewritten as
dψ
dz
= iK ψ (3.20)
with
f t = M ψ. (3.21)
K is a diagonal matrix with the Eigenvalues Kn corresponding to the
Eigenvectors in the columns of the matrixM.
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The differential equation for the different modes in ψ are now de-
coupled and can be solved as
ψ (z) = diag
(
eiKnz
)
. (3.22)
The relation between the lateral fields of the upper and lower surfaces
can now be written as
f t(z = d) =M diag
(
eiKnd
)
M−1 f t(z = 0). (3.23)
In the isotropic areas above and below the layer, the Eigenmodes
represent plane waves. Instead of using the field vector f t to describe
the fields in the regions above and below the grating, it is more con-
venient to work with a set of plane waves in order to obtain a clear
propagation direction. The decomposition in Eigenmodes by the ma-
trix M0 containing the Eigenvectors in the isotropic media, gives the
plane waves in both isotropic regions:
ψ0 = M0
−1 f t(z = 0) and ψd = M0
−1 f t(z = d). (3.24)
Due to the continuity of the tangential fields at the interfaces, the rela-
tion between the plane waves in both isotropic regions is
ψd =M0
−1M diag
(
eiKnd
)
M−1M0 ψ0. (3.25)
Depending on the direction of propagation (incident or reflected) in
the isotropic regions, the plane waves in ψ0 and ψd can be separated
into four different groups. In this way (3.25) is rewritten as:

ψt
ψb
 =
[
T11 T12
T21 T22
] 
ψi
ψr
 . (3.26)
The subdivision distinguishes incident (i), reflected (r), transmitted (t)
and backward incident (b) waves depending on the propagation direc-
tion of the respective plane waves. The different groups of modes are
represented in Figure 3.6. Thematrix in (3.26) is known as the transmis-
sion or T-matrix of the layer. The different block matrices Ti, j connect
the modes at the top and bottom of the layer.
In a typical problem, the transmitted waves ψt and the reflected
waves ψr need to be calculated as a function of the incident waves ψi,
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Figure 3.6: Schematical representation of the diffraction modes in the
isotropic regions above and below the periodic layer. The modes are
grouped in incident (i), reflected (r), transmitted (t) and backward inci-
dent (b) waves depending on their propagation direction.
while the backward incident waves ψb are zero. For the T-matrix for-
malism this means that part of the left and part of the right vector is
unknown in equation (3.26). Therefore, forward and backward itera-
tion is required for solving this system. In each step of the iteration, the
backward wave ψb is reset to zero and the incident wave ψi is replaced
by the original.
As in the Jones Matrix Method, a medium which varies along the
z-direction can be approximated by a stack of several layers. The solu-
tions of (3.23) must be multiplied sequentially, resulting in the T-matrix
of the whole system.
The sequential multiplication of T-matrices can give rise to numer-
ical problems [69, 71]. Some modes correspond with exponentially
growing evanescent waves, which are very large at one side and very
small at the other. The matrix components related to propagation of
evanescent waves in one direction thus have exponentially growing el-
ements and exponentially decreasing elements for the other direction.
The multiplication of very large with very small numbers during the
iteration, leads to numerical instability.
To avoid numerical instabilities, the scattering or S-matrix formal-
ism should be used. The S-matrix propagation algorithm combines the
submatrices of the T-matrices of the individual layers so that the ex-
ponentially growing functions never appear. The final S-matrix of the
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whole stack looks as 
ψt
ψr
 =
[
S11 S12
S21 S22
] 
ψi
ψb
 . (3.27)
In the S-matrix formalism, the incident and backward incident modes
are situated at the right-hand side, while the unknown transmitted and
reflected waves are obtained as a result of the matrix multiplication.
The S-matrix propagation algorithm has been implemented by me
together with Hans Desmet. The Eigenmodes in ψ have been normal-
ized in such a way that the different propagatingmodes have an energy
flux in the z-direction equal to one. This energy flux corresponds with
the intensity of the z-component of the Poynting vector [68]
s =
∣∣∣E ×H∣∣∣ . (3.28)
In this way the intensity of each reflected or transmitted mode is im-
mediately relative to the intensity of the incident wave. The algorithm
will be demonstrated in the chapter on reconfigurable wave plates.
3.4 Reduced Grating Method
Because of the sometimes very large system matrices, the Rigorous
Coupled Wave Method requires lots of calculation time and computer
memory. It is therefore mainly useful for two-dimensional gratings or
if only a limited number of diffraction orders are required. Therefore
an approximation, the Reduced Grating Method (RGM) [72–74], was
developed at the Politecnico di Torino during the European project
MonLCD (G5RD-CT-2000-00115). I will not explain the whole algo-
rithm but briefly give the main aspects.
The Reduced Grating Method is based on the T-matrix algorithm
and starts from differential equation (3.17). The general solution of this
equation is
f d = e
iCd f 0 (3.29)
with
f 0 = f t(z = 0) and f d = f t(z = d). (3.30)
This solution can be approximated as a Taylor series [40, 41]:
f d ≈ f 0 + iCd f 0 + . . . +
(iCd)Q−1
(Q − 1)! f 0. (3.31)
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In principle, this summation can be used to avoid the calculation of
the Eigenvectors and Eigenvalues of the large matrices in the T-matrix
algorithm. But, a direct calculation of the summation in (3.31) is nu-
merically not efficient. It shows however that the solution is part of a
Krylov subspace [75]:
f d ∈ K(Q)
(
C, f 0
)
= span
(
f 0, C f 0, . . . , C
Q−1 f 0
)
. (3.32)
The vectors in the basis of the Krylov subspace K(Q)(C, f 0) are strongly
linear dependent. By using a Singular Value Decomposition [76] of the
matrix KQ =
[
f 0 C f 0 . . . C
Q−1 f 0
]
, it is possible to construct a smaller
orthonormal basis for the Krylov subspace. Using the projection matrix
UP formed by the orthonormal basis vectors of the Krylov subspace,
the dimension of the system matrix in (3.17) can be reduced to a size
P < Q 4(2m + 1)(2n + 1) [73]:
d fP
dz
= iUHPCUP f P = iCP fP (3.33)
with
f P = UP f t. (3.34)
Typical values for the size P of the matrix CP are 4×4 to 6×6. Therefore,
the transmission matrix is easily calculated as
f d = UP e
iCP d UHP f 0. (3.35)
The strength of the Reduced Grating Method is that building the
matrix KQ does not require an explicit calculation of the large system
matrix C, but is calculated directly from (3.13) and (3.16). This gives a
serious reduction of the computer memory needed and allows a higher
number of diffraction orders taken into account with an increased
calculation speed compared to the Rigorous Coupled Wave Method.
Drawback is however that the Reduced Grating Method is based on
the T-matrix formalism and thus suffers from the same numerical in-
stability. Unfortunately, there is no S-matrix equivalent of the Reduced
Grating Method.
The version of the Reduced Grating Method available in our lab
handles two-dimensional dielectric layers. It allows to use a large num-
ber of diffraction orders, without the need of excessive computer mem-
ory.
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3.5 Simplified transmission model
General methods as described in sections 3.3 and 3.4 give good results,
but are time consuming. Therefore a simplified transmission model is
proposed which works for thin liquid crystal layers with slow lateral
variations of the director.
3.5.1 Transmission model
The model starts from a two-dimensional liquid crystal medium, in-
variable along the y-axis with the director orientation given on a regu-
lar rectangular grid in the xz-plane. The grid must be sufficiently fine
in order to assume that the liquid crystal properties are homogeneous
inside each grid box. The goal is to calculate the propagation of an
obliquely incident plane wave through the liquid crystal layer. The
wave vector k0 of the incident wave in air, is determined by the in-
clination angle ϑ0 (the angle between k0 and the z-direction) and the
azimuthal angle ϕ0 (the angle between the x-axis and the projection of
k0 on the xy-plane) as indicated in Figure 3.7. (Note that this is different
than the definition of the director tilt angle in Figure 2.2)
x
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z
k0
Figure 3.7: Definition of the inclination angle ϑ0 and the azimuthal an-
gle ϕ0 of the wave vector k0 of an incident plane wave.
In two-dimensionally varying media, incident plane waves are
diffracted. If the thickness of the layer measured along the surface nor-
mal is small compared to the lateral dimensions and not much larger
than the wavelength λ of the light, the impact of diffraction is small.
When the variation of the liquid crystal director inside the thin layer
is relatively slow, the Extended Jones Matrix Method may be used as
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an approximation [77]. In this case, the propagation through the liquid
crystal is calculated only taking into account birefringence and neglect-
ing diffraction inside the layer, as illustrated in Figure 3.8. The plane
of incidence in Figure 3.8, which contains the wave vectors k and k0,
coincides with the xz-plane (ϕ0 = 0◦), but in general ϕ0 can vary freely.
x
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Figure 3.8: Basic principle of the simplified algorithm based on the
Extended Jones Matrix Method for the optical transmission model
through thin liquid crystal layers. A plane wave in air, represented
by a number of parallel rays, is obliquely incident with inclination an-
gle θ0 on a liquid crystal medium of which the director distribution is
given on a rectangular regular mesh.
The plane wave incident on the two-dimensional medium is han-
dled with a technique similar to ray tracing. The plane wave is simu-
lated as a large number of incident rays, shifted along the x-direction
and parallel to k0. Refraction at the bottom and top surface of the liquid
crystal layer is taken into account by changing the propagation direc-
tion to k according to Snell’s refraction law. The ordinary refractive
index no of the liquid crystal is used as an approximation for the liquid
crystal medium to apply Snell’s refraction law. This is in accordance
with the the direction in which the transmission is calculated in the
Extended Jones Matrix formulation by A. Lien [54]. From each of the
grid boxes at the bottom of the layer, a ray propagates toward the other
side. For each rectangle in which a ray passes on its way, a Jones ma-
trix is calculated taking into account the length of the path that the ray
makes through this box. By doing so, the variation of the liquid crystal
in the x-direction is neglected. The propagation matrices are calculated
according to the formula for the Extended Jones Matrix Method pre-
sented by A. Lien [54].
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The result is a series of Jones vectors providing the electric field vari-
ation at the top surface. The intensity of the electric field provides the
near field transmission which is roughly the observed intensity with a
microscope. Combining the complex Jones vector representation of the
electric field and diffraction theory gives an approximation of the far
field. At a large distance of the surface Fraunhofer diffraction [50] can
be used, which corresponds with the Fourier transform of the field at
the surface [49]. For a periodically modulated wave at the surface, this
can be evaluated quickly using the Fast Fourier Transform [40].
3.5.2 Simulations
The algorithm is illustrated using the in-plane switching mode of liq-
uid crystals. The simulated liquid crystal layer has a thickness d of
4 µm, the width of the electrodes w is 6 µm and the gap g between
them is 18 µm. The rubbed alignment layers keep the surface director
at a pretwistφ0 of 80◦ and a pretilt θ0 of 1◦. The liquid crystal material is
ZLI-4792. The director simulations for the liquid crystal medium were
performed using the software package 2dimMOS [31], commercial soft-
ware for two-dimensional director calculations. Crossed polarizers are
positioned at top and bottom, respectively parallel and perpendicular
to the alignment (φp = φ0 and φa = φ0 + 90◦).
First, the transmission of an obliquely incident unpolarized plane
wave is examined. The field intensity near the top surface is investi-
gated along the x-axis, after passing the analyzer. Figure 3.9 shows the
variation of the intensity of the transmission at the top surface relative
to the intensity of the incident unpolarized plane wave when voltages
of 5, 10, 15, 20 and 25 V are applied. The plotted region starts and ends
in the middle of two neighboring electrodes.
The incident plane wave is monochromatic with a wavelength λ of
632.8 nm and the incident wave vector k0 has an inclination angle ϑ0 =
25◦ in air and azimuthal angle ϕ0 = 25◦ with the x-axis. The results of
the Extended Jones Matrix Method (EJMM) are verified by comparison
with those of the Reduced Grating Method (RGM). The variation of the
intensity at z = d for the Reduced Grating Method is calculated with
the Poynting vector (3.28) using the near fields calculated with (3.14).
The graph shows that the overall correspondence between the Jones
matrix algorithm and the Reduced Grating Method is good. At 5 V, the
applied voltage is just above the threshold voltage and only above the
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Figure 3.9: Simulated transmission at the top surface of the liquid crys-
tal layer in the in-plane switching mode after passing the analyzer for
an unpolarized, obliquely incident plane wave, between the center of
two neighboring electrodes as a function of the lateral position for dif-
ferent applied voltages. (liquid crystal ZLI4792, φ0 = 80◦, θ0 = 1◦,
d = 4 µm, w = 6 µm, g = 18 µm, ϑ0 = ϕ0 = 25◦, φp = φ0, φa = φ0 + 90◦)
edges of the electrodes the electric field is strong enough to act on the
director. The transmission reaches a maximum at 10 V and decreases
for higher voltages. Between the two electrodes, the director is almost
uniform and the correspondence between both methods is very similar.
At higher voltages the director variations above the electrodes increase
and diffraction within the liquid crystal becomes important. This ex-
plains the deviation at the right-hand side of the graph for higher volt-
ages.
In display applications, the variation of the transmitted electric field
at the top surface is interesting, however more important is the trans-
mission seen by the human eye at a distance from the display. This
far field can be calculated as the diffracted field of the electric field at
the surface. The liquid crystal layer in the in-plane switching mode
as described above is periodical, with a period Λx = g + w = 24 µm.
The periodicity yields distinct diffraction orders and the Fraunhofer ap-
proximation of diffraction [50] can be implemented by a complex fast
Fourier transform of the electric field components at the surface.
Figure 3.10 shows the intensity of the diffraction orders for the Jones
matrix algorithm and the Reduced Grating Method for applied volt-
ages of 5, 15 and 25 V. The graph shows a very good resemblance for
the central diffraction order (order 0), which propagates along the di-
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Figure 3.10: Intensity of the diffraction orders in the Fraunhofer dif-
fraction pattern of an unpolarized plane wave, obliquely incident on
a liquid crystal in the in-plane switching mode for different applied
voltages. (liquid crystal ZLI4792,φ0 = 80◦, θ0 = 1◦, d = 4 µm,w = 6 µm,
g = 18 µm, ϑ0 = ϕ0 = 25◦, φp = φ0, φa = φ0 + 90◦)
rection k0 and corresponds with the average of the complex field at the
top surface of the liquid crystal.
The intensity of the other orders does not correspond so well. This
difference is caused by the phase of the electric field at the top surface.
Figure 3.9 shows that the Jones matrix algorithm is accurate in predict-
ing the amplitude of the electric field. However the phase variation of
the electric field components δx and δy before propagating through the
analyzer, as shown in Figure 3.11, is less good. To create this graph, the
linear increasing phase δobl = x k0x due to oblique incidence was omit-
ted in both results. By doing so, the phase function becomes periodical.
Even for quite low voltages as in Figure 3.11(a), there is a deviation in
the phase variation and for increasing voltage this becomes worse. For
the analysis of this imprecision, the phase of the electric field is divided
in two parts, an absolute phase variation and a phase difference.
The phase difference δdi f = δy − δx originates from the retarda-
tion between the ordinary and extra-ordinary mode. The retardation
is responsible for the change of the polarization of the plane wave and
is directly related to the transmission of a liquid crystal cell between
crossed polarizers. Although the individual phases of δx and δy differ
at high voltages, the phase difference δdi f corresponds very well. This
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(a) Applied voltage 5 V
(b) Applied voltage 25 V
Figure 3.11: Variation of the phase of the electric field components δx
and δy, the phase difference δdi f and the absolute phase δabs before prop-
agation through the analyzer at the top surface of the liquid crystal
layer of the calculation in Figure 3.9 for an applied voltage of (a) 5 V
and (b) 25 V.
agrees with the fact that birefringence is correctly taken into account by
the Jones matrix algorithm and explains the good match between both
methods in Figure 3.11.
The absolute phase variation of the electric field δabs is related to
the propagation distance in the medium and is approximated by the
average of δx and δy. Without lateral variations in the medium, the δabs
is identical for all rays that propagate through the medium. On the
right-hand side of Figures 3.11(a) and 3.11(b), larger deviations of δabs
are visible between bothmethods due to the rapid director variations of
the director. Focusing of the wave is mainly the result of this deviation.
Although the liquid crystal is nearly mirror symmetric toward the
center between the electrodes, the transmission curves in Figure 3.9
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show an asymmetry. Also the differences of the absolute phase δabs are
mainly present on the right-hand side. The asymmetry in the curves is
due to the oblique incidence of the light (ϑ0 = ϕ0 = 25◦). Because of
the 1◦ pretilt of the molecules, a small asymmetry remains present for
perpendicular light incidence. Therefore, a quantitative way to evalu-
ate the lateral variations is necessary. In fact, not the variation of the
liquid crystal director in the layer is important, but the variation of the
experienced refractive index. For liquid crystals this is complex since
the material is birefringent and a superposition of the ordinary and the
extra-ordinary wave is made. The first one feels the ordinary refractive
index no of the liquid crystal, which is constant. The extra-ordinary
wave feels an effective refractive index neff, which depends on the an-
gle between the direction of propagation k and the local orientation of
the liquid crystal director.
Figure 3.12: Variation of the effective refractive index of the extra-
ordinary wave for the director in the midplane of the liquid crystal
layer and propagation direction k used in the calculations of Figures
3.9 and 3.11.
Figure 3.12 represents the effective refractive index corresponding
with the propagation direction k for the director in the midplane of the
liquid crystal layer. For perpendicular incidence the curves are sym-
metric, but due to oblique incidence the variations of the refractive in-
dex are much larger at the right-hand side and there the largest differ-
ences in the transmission and the phase are expected.
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3.5.3 Experiments
At the time of developing the algorithm, a detailed measurements us-
ing obliquely incident light was not possible. However, it was possible
to reliably measure the intensity of the diffraction orders after propa-
gation through the analyzer for normal light incidence. This measure-
ment gives an idea of the accuracy of the calculations and the influence
of the diffraction.
A first observation in these experiments is the diffraction occurring
when no voltage is applied. The director pattern is then considered
to be homogeneous with the director parallel to the rubbing direction.
Since there is no lateral variation, the observed diffraction was rather
unexpected. The occurring diffraction is due to the interdigitated paral-
lel electrodes, which induce a periodical phase modulation. To obtain a
good comparison with the measurements, the ITO structure should be
included in the model by adding an additional layer at the bottomwith
either isotropic ITO for the electrodes or liquid crystal material parallel
to the alignment direction for the regions in between.
Figure 3.13: Measured intensity of the transmitted diffraction orders
after propagation through the analyzer together with the simulated in-
tensity for different values of the refractive index of the ITO electrodes
(IPS-parameters : d = 4 µm, w = 18 µm, g = 6 µm, applied voltage 3 V).
According to the specifications of the manufacturer the thickness
of the ITO is about 277 nm. The refractive index of the ITO is subject
to deposition parameters. By choosing an appropriate value for the
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refractive index, it is possible to obtain a good resemblance between
the simulated intensity and the measured one as shown in Figure 3.13.
The best fit is found for a refractive index of 1.77, which is within the
range of values found in literature. The intensities in the graph are
scaled by setting the intensity of the zero order equal to unity for every
series.
5.5Vorde -3
4V orde +1
15V orde -1
2V orde 0
20V orde 0
P
Figure 3.14: Measured and simulated polarization states (full and
empty circles respectively) of the diffraction orders before propagation
through the analyzer, represented on the Poincare´ sphere. For the cal-
culated polarization states, the thickness of the ITO electrodes is varied
from 0 to 500 nm. (IPS-parameters : d = 4 µm, w = 18 µm, g = 6 µm)
The electrodes do not only influence the intensity of the diffraction
orders, but also their polarization state before propagating through the
analyzer. Figure 3.14 shows a few examples of the measured polar-
ization states when the analyzer is omitted in the setup, together with
the simulated polarizations for an electrode thickness varying from 0 to
500 nm, represented on the Poincare´ sphere. The agreement between
simulation and measurement is not perfect, which is expected since the
simulated phase variation is not that accurate and this influences the
polarization state. Nevertheless, for 3 of the 5 plotted diffraction or-
ders, the best fit with the measured polarization state is close to the
actual electrodes thickness of 277 nm. More important, the result il-
lustrates that the polarization state of the diffraction orders is heavily
influenced by the electrode thickness. If the electrode thickness is fur-
ther increased, the calculated polarization states will describe circles on
the Poincare´ sphere.
To keep the influence of the electrodes on the in-plane switching
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mode as small as possible, the electrodes should be as thin as possi-
ble with a refractive index close to the ordinary refractive index of the
used liquid crystal. This is important for the application of the in-plane
switching mode as a grating. Since the intensity of the diffraction or-
ders is at least one order lower than that of order 0, the influence of the
electrodes on the optical transmission in display applications is negli-
gible.
To avoid the adverse effects on the contrast of transmission through
the electrodes at oblique viewing angles, the electrodes are sometimes
made of an opaque metal [60]. Also in experiments where one is only
interested in the region between the electrodes, metals are often used
to produce the electrodes. In this way, the gap easily observable with a
microscope.
The discussion and results of the transmission model were pre-
sented at the International Display Workshop/Asia Display 2001 (Na-
goya, Japan) [78] and the International Topical Meeting on Optics of
Liquid Crystals 2003 (Aussois, France) [79]. A full paper describing the
simplified optical transmissionmodel was published in the SCI Journal
Molecular Crystals & Liquid Crystals [80].
A similar ray-tracing technique has been demonstrated in [81]
to calculate iso-transmission and iso-contrast plots of an electrically-
induced optical compensation display mode, but in that reference the
limitations of the method have not been discussed.
The simplified two-dimensional optical algorithm as explained
above can easily be extended to three-dimensional anisotropic media,
as will be demonstrated in the chapter on reconfigurable wave plates.
Although calculations for oblique light incidence are very useful, only
normal light incidence will be used in the next chapters.
Chapter 4
Surface Anchoring
The anchoring of the liquid crystal molecules at the surface is intended
to control the alignment of the surface director. Therefore it is an im-
portant aspect when designing liquid crystal devices.
In this chapter, the phenomena related to anchoring are studied in
more detail. As a preparation to the new device discussed in Chapter 5,
a number of experiments on weak anchoring are described.
4.1 Weak and strong anchoring
Classic alignment layers hold the liquid crystal director at their surface
tightly in a fixed orientation. This is referred to as strong anchoring and
is widely used in lots of liquid crystal applications.
The nature of the anchoring process is the anisotropy of the surface
in contact with the liquid crystal. The origin of this anisotropy can be
very different. Some surfaces like crystalline solids or polymers have an
inherent anisotropy, which results in molecular interaction between the
liquid crystal and the surface. But also a surface topology like parallel
grooves in an isotropic material can align the director.
Alignment layers are manufactured by a large variety of processes:
rubbing [16, 82], photoalignment [13–15], structured surfaces [83–86],
surfactants [87, 88], . . . For a rubbed surface, the azimuth and pretilt
of the surface director are determined by the rubbing parameters. For
other processes like photo-alignment, the orientation of the surface di-
rector is not so strict. With a strong electric field or a torque on the
liquid crystal director, the surface director can turn away from the pref-
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erential direction. Therefore, the principle of weak anchoring is intro-
duced.
Weak anchoring is a generic term for all situations where the sur-
face director can be altered. Such surfaces exhibit one or more stable
orientations of the surface director, but electric or mechanical torques
can change the orientation of the surface director. In practice different
surface conditions are possible:
– Monostable surfaces: a single stable orientation of the surface di-
rector [16, 89]
– Bistable or multistable surfaces: two or more stable orientations
of the surface director [86, 90, 91]
– Degenerated anchoring surfaces: the director prefers to be ori-
ented in a certain plane or on a cone [3, 92, 93]
– Surface gliding: by application of a strong temporary electric field
and/or heating of the liquid crystal cell, the stable direction of the
surface director can be modified permanently [13, 86, 94, 95].
The surface desired in the next chapter is a planar azimuthally degener-
ated anchoring surface. At such a surface, also referred to as a slippery
surface, the director has a preference to lie in the plane parallel to the
substrate, but can rotate freely in the azimuthal direction.
The applications of weak anchoring are situated in the field of mul-
tistable nematic liquid crystal devices, electrically controllable anchor-
ing and reduction of the threshold voltage and power consumption of
liquid crystal devices. The behavior of the surface anchoring is deter-
mined by the surface material, treatment or structure.
4.2 Modeling of weak anchoring
Modeling of liquid crystals involves minimizing the free energy of the
system. For strong anchoring, the free energy has two parts: the Oseen-
Frank distortion energy fd due to the variation of the liquid crystal di-
rector in space and the electric energy fe from the interaction of the elec-
tric field with the local director. The anchoring at the surface is handled
by a Dirichlet boundary condition of the director n.
For weak anchoring, the surface anchoring energy fs is introduced
to replace the Dirichlet boundary condition. On monostable surfaces,
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the preferential direction is specified by the easy direction , with az-
imuthal angle φ0 and tilt angle θ0. This yields a free energy
F =
∫
V
[
fd (n) − fe
(
n,E
)]
dV +
∫
S
fs (n, ) dS, (4.1)
with an energy penalty fs if the surface director n deviates from .
4.2.1 Expressions for the anchoring energy fs
In general, fs can be a complicated function of the surface director n and
the easy direction . Many expressions have been introduced for fs. All
these expressions are approximations useful for numerical calculations
and comparison with experiments, but valid only under certain condi-
tions. In the following paragraphs, a number of popular expressions
for fs are given for monostable anchoring around the easy direction 
specified by the pretwist φ0 and the pretilt θ0.
A. Rapini andM. Papoular [96] were the first to introduce a trigono-
metric expression of the anchoring energy for homeotropic alignment
fs =
W
2
sin2(θ), (4.2)
with θ the director tilt angle. This expression yields an energy mini-
mum if the surface director is perpendicular to the surface (θ = θ0 =
pi/2).
Quite rapidly generalizations like
fs =
W
2
sin2(θ − θ0), (4.3)
were introduced [97], which describe a tilted anchoring with pretilt θ0.
However in the expression, there is no assumption about the surface
twist angle φ.
In general, both the surface twist and tilt angle can be altered by
an applied torque. Therefore, the concept of polar and azimuthal an-
choring must be introduced. Polar anchoring involves deviations of
the surface tilt angle θ from the pretilt θ0, while azimuthal anchoring
is related to deviations of the surface twist angle φ from the azimuthal
alignment φ0. For that reason,
fs =
1
2
[
Wp sin
2(θ − θ0) +Wa sin2(φ − φ0)
]
(4.4)
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is widely used in literature [11, 33, 38, 86, 98] as a generalization of the
original Rapini-Papoular expression. The weight coefficients Wp and
Wa are related to respectively the polar and the azimuthal anchoring
around the easy direction (θ0, φ0).
For small variations of the director n, close to the easy direction ,
this expression gives good results. For large deviations however, the
expression shows some characteristics which are incompatible with the
basic assumptions about the anchoring energy fs [97, 99]:
– The director orientations n and −n which are physically equiva-
lent, should yield the same energy contribution.
– Given the easy direction , there are two non-equivalent minimal
energy solutions for the anchoring energy (θ0, φ0) and (θ0, φ0+pi),
which is inconsistent with the intended single easy direction.
– The anchoring is not properly defined along the surface normal,
because φ is arbitrary.
Although the separation of the polar and azimuthal anchoring
in equation (4.4) simplifies the mathematical analysis, polar and az-
imuthal anchoring are not entirely independent. Therefore a separa-
tion of the anchoring energy fs in two terms, one dependent only on
the twist angle φ, the other only on the tilt angle θ is not possible and
weak anchoring should be modeled by a more complete form for the
anchoring energy.
A first expression in which changes of the surface twist and tilt an-
gle are included in the anchoring energy is [97]
fs = −W
2
( · n)2 . (4.5)
The expression gives a unique value of the anchoring energy fs for all
orientations of n and yields a single energy minimum for the director n
parallel to the easy direction . However, the possibility for a difference
in anchoring strength between polar and azimuthal anchoring lacks in
this expression. Normally, the polar and azimuthal anchoring strength
are different.
Therefore, Beica et al. [100] proposed
fs =
1
2
[
W1 (n · n1)2 +W2 (n · n2)2
]
(4.6)
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with
n1 =
 × 1z∣∣∣ × 1z∣∣∣ and n2 =  × n1. (4.7)
Equation (4.6) describes a symmetrical anchoring around the easy di-
rection  which resolves the shortcomings of (4.4) and (4.5).
Although useful in most situations, a further improvement is still
possible. First of all, homeotropic alignment is not included in the for-
mulation since n1 and n2 are not defined for homeotropic alignment
( = 1z). Secondly, recent simulations [99, 101] have shown that asym-
metrically modulated surfaces may exhibit a weak azimuthal anchor-
ing which is azimuthally not symmetric around the easy direction .
Therefore, Zhao et al. [99, 102] introduced a new expression for the
anchoring energy. The expression calculates a second order, spherical
harmonic approximation of an arbitrary surface anchoring energy fs,
using the easy direction  as the polar axis. Based on the centrosymme-
try of the anchoring energy fs (n) = fs (−n) and assuming two energy
minima along  and −, the second order spherical harmonic approxi-
mation can be rewritten as
fs =
1
2
[
Wξ (n · ξ)2 +Wη (n · η)2
]
. (4.8)
The vectors ξ, η and  give the three principle axes of anchoring and
form an orthonormal vector triplet. The anchoring strengths Wξ and
Wη give the cost for a deviation of the surface director away from the
easy axis in the direction of ξ and η. The anchoring energy is cen-
trosymmetric, only yields a minimum along the equivalent directions 
and − and is unambiguously defined along all orientations of n.
The subtle difference between (4.6) and (4.8) is that ξ does not nec-
essarily lie in the xy-plane, in which case the anchoring energy fs is
azimuthally not symmetric about the easy direction. For most surfaces
however, the anchoring is symmetric with respect to φ0 and (4.7) is
valid for calculating the vectors ξ and η.
4.2.2 Examples
A first simple example is planar alignment along the x-axis. If the xz-
plane is a mirror plane for the anchoring, the anchoring energy can be
written as
fs =
1
2
[
Wp (n · 1z)2 +Wa (n · 1y)2
]
. (4.9)
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In this case the polar and azimuthal anchoring force, Wp and Wa, are
separated. Written as a goniometric expression, planar anchoring (θ0 =
0) along an azimuthal direction φ0 can thus be written as
fs =
1
2
[
Wp sin
2 θ +Wa sin
2(φ − φ0) cos2 θ
]
(4.10)
An important difference with equation (4.4) is that in the term rep-
resenting the azimuthal anchoring, also the tilt angle θ of the direc-
tor appears. For small deviations around the easy direction however,
Wa ′ = Wa cos
2(θ) ≈ const. and the expression in equation (4.4) is ob-
tained.
Depending on the magnitude ofWp andWa, the anchoring strength
is presumed strong, medium or weak [16]. An overview of the typical
ranges is given in Table 4.1.
Table 4.1: Ranges for weak, medium and strong anchoring for the az-
imuthal and polar anchoring energy.
Azimuthal anchoring Wa Polar anchoring Wp
Strong > 10−4 J/m2 > 10−3 J/m2
Medium ≈ 10−5 J/m2 ≈ 10−4 J/m2
Weak < 10−6 J/m2 < 10−5 J/m2
For homeotropic alignment, (4.8) is converted to
fs =
1
2
[
W1 (n · 1x)2 +W2 (n · 1y)2
]
. (4.11)
For flat isotropic surfaces W1 and W2 are equal and the anchoring has
circular symmetry, but due to material anisotropy or surface treatment
the symmetry can be broken and different values are possible.
By special treatment of the surface, it is possible to obtain multi-
ple stable orientations of the director [91, 103]. As it is not possible to
describe this by (4.8), this requires a more complicated form of the an-
choring energy.
In the three-dimensional simulation tool MonLCD, (4.8) is used to
model weak anchoring. Planar azimuthally degenerated anchoring can
bemodeled by setting the azimuthal weight parameterWa in (4.9) equal
to zero:
fs =
Wp
2
(n · 1z)2. (4.12)
In this case, there is an energy penalty when the director is oriented out
of the xy-plane, without any constraint on the azimuthal direction.
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4.3 Weakly anchored in-plane switching mode
The one-dimensional approximation of the in-plane switchingmode, as
described in section 2.5, is limited to strong anchoring. In this section,
an extension to weak anchoring is made.
In stead of a rigid surface director, the planar anchoring is now
modeled by the surface anchoring energy (4.9). This yields a free en-
ergy
F =
1
2
∫ d
0
k22
(
dφ
dz
)2
− ε0 ∆εE2 cos2 φ
dz
+
Wa
2
[
sin2
(
φ(0) − φ0
)
+ sin2
(
φ(d) − φ0
)]
. (4.13)
The integral consisting of the distortion and electric energy in the bulk
is identical to that for strong anchoring. The two additional terms spec-
ify the azimuthal anchoring at the top and bottom surfaces. Since the
tilt angle of the director is not changed by the applied field along the
x-axis, θ remains equal to zero and the polar anchoring does not appear
in the expression.
An analogous normalization is performed for the electric field E and
the height z as was done for strong anchoring, using equations (2.7)
and (2.8). After division by the common factor k22/2d, the normalized
expression of the free energy is
Fnorm =
∫ 1
0

(
dφ
dζ
)2
− pi2 h2 cos2 φ
dζ
+
pi
ρ
[
sin2
(
φ(0) − φ0
)
+ sin2
(
φ(1) − φ0
)]
, (4.14)
with
ρ =
pi k22
Wa d
(4.15)
a dimensionless reduced surface-coupling parameter which is a mea-
sure for the azimuthal anchoring strength at the surface. h and ζ are the
normalized electric field and height.
The principle of Calculus of Variations [40] yields that theminimum
energy solution for the twist φ(ζ) in equation (4.14) must fulfill the dif-
ferential equation
d2φ
dζ2
− pi2h2 sinφ cosφ = 0, (4.16)
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with the boundary conditions
dφ
dζ
∣∣∣∣∣
ζ=0
+
pi
2ρ
sin
[
2
(
φ(0) − φ0
)]
= 0 (4.17a)
dφ
dζ
∣∣∣∣∣
ζ=1
− pi
2ρ
sin
[
2
(
φ(1) − φ0
)]
= 0. (4.17b)
The differential equation (4.16) is identical to (2.12) that was obtained
for strong anchoring, but the boundary conditions have changed.
The differential system is again solved numerically, using the Matlab
solver. Also for weak anchoring, the number of independent vari-
ables is strongly reduced. Besides the normalized electric field h and
the azimuthal alignment direction φ0, the reduced surface-coupling
parameter ρmust be specified additionally.
As a first example, the one-dimensional simulation of the in-plane
switching mode of liquid crystals in Figure 2.12 is repeated with weak
anchoring instead of strong anchoring. The twist angle φ is given in
Figure 4.1 as a function of the height ζ for φ0 = 85◦, ρ = 0.25 and
different equally spaced values of the applied field h.
Figure 4.1: The twist angle φ in the weakly anchored one-dimensional
approximation of the in-plane switching mode as a function of the rel-
ative height ζ, for different equally spaced values of the electric field
h = 0, 0.2, . . . , 10, ρ = 0.25 and φ0 = 85◦. For h = 0, the twist φ is con-
stant along the alignment φ0 = 85◦ and for increasing h the midplane
twist decreases toward 0. The arrow indicates the direction in which
the field increases.
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The plots of the twist as a function of the height ζ show a similar
behavior as in Figure 2.12 for ρ = 0. For h = 0 the twist φ(ζ) is a con-
stant, equal to the alignment φ0 of 85◦. For increasing values of the
normalized field h, the midplane director rotates toward the field along
x-axis and the twist angle φ decreases. Because of the weak surface an-
choring, not only the bulk director is reoriented, but also the surface
director has rotated toward the electric field.
The influence of the anchoring strength ρ becomes clearer in Fig-
ure 4.2. The midplane and surface twist are plotted as a function of the
applied field h for φ0 = 85◦ and different values of the reduced surface-
coupling parameter ρ. The largest influence of the anchoring strength ρ
Figure 4.2: The midplane twist φ(1/2) and the surface twist φ(0) for
weak and strong anchoring as a function of the applied field h for ρ =
0, 0.125, . . . , 5 and φ0 = 85◦.
is visible on the surface director. Above the threshold, the surface twist
varies almost linearly toward zero. The midplane twist shows an anal-
ogous variation as in the strongly anchored case (ρ = 0), with a slight
reduction of the threshold field.
The reduced surface-coupling parameter ρ is related to the extrap-
olation length [11, 94, 104]
ξa =
k22
Wa
=
ρ d
pi
, (4.18)
which is the ratio of surface rotation of the director to the director gra-
dient at the interface for small changes of the surface twist [94, 105].
The extrapolation length ξa is an equivalent way, often used in lit-
erature, to specify the anchoring strength. It is proportional to the di-
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mensionless surface-coupling parameter ρ and inversely proportional
to the weight parameter Wa. If both polar and azimuthal anchoring
are important, separate extrapolation lengths ξa and ξp must be speci-
fied [11, 92].
Figure 4.3: Twist φ as a function of the height z with indication of the
extrapolation length ξa, for h = 1.0 and h = 1.2 in case φ0 = 85◦ and
ρ = 0.25.
Physically, ξa corresponds to an increment of the cell thickness d, as
illustrated in Figure 4.3, in such a way that there is no change of the
twist at the effective boundaries.
The effective cell thickness d + 2ξa must be used for the calcula-
tion of the threshold voltage in the weakly anchored in-plane switch-
ing mode [3, 104]. Therefore, the threshold voltage Vth for alignment
perpendicular to the electric field E is reduced to
Vth =
pig
d + 2ξa
√
k22
|∆ε| ε0 . (4.19)
The electro-optic characteristic of the weakly anchored in-plane
switchingmode is given in Figure 4.4 for different values of the surface-
coupling parameter ρ as a function of the applied field and φ0 = 85◦.
The calculations are carried out with the Jones Matrix Method using a
layer thickness d of 2.1 µm, a wavelength λ of 600 nm and the parame-
ters of the liquid crystal E7.
The influence of the anchoring strength is clearly visible. The
threshold field is reduced and the rotation of the surface director in-
creases the optical response at weaker fields compared to the strongly
anchored case plotted in Figure 3.5. The steeper increase of the electro-
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Figure 4.4: Electro-optic characteristic in the in-plane switching mode
for different values of the anchoring strength ρ = 0, 0.125, . . . , 5,
φ0 = 85◦ and crossed polarizers with the transmission axes parallel
and perpendicular to the anchoring.
optic characteristic reduces drastically the switching voltage range
needed for active matrix applications.
Drawback of weak anchoring, is the increase of the relaxation time
when returning to the off-state [106]. The decrease of the anchoring
strength weakens the torque which returns the director to its initial
state after removing the applied voltage. Furthermore, the relaxation
time becomes dependent on the time that the voltage was applied [14].
Especially in display applications with moving images, this limits the
applicability of weak anchoring.
4.4 Measurement of the anchoring strength
Measurement of the anchoring strength is indispensable for compar-
ing alignment methods and materials. In this section the approach is
described for a number of measurement setups found in literature.
4.4.1 Field-off techniques
The measurement setups can be divided in two groups, depending on
the way a torque is applied to the surface director. In field-off tech-
niques, the anchoring strength is determinedwithout the application of
an external field. The elastic torque generated by the distortion of the
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director distribution is used for determining the anchoring strength.
In the experiments, a liquid crystal layer is sandwiched between
two surfaces. At one side a reference surface with strong anchoring is
used and at the other side the weakly anchored surface under testing.
After recording the anchoring onto the test surface, one substrate is
rotated 90◦ around the surface normal compared to the other, keeping
the distance between the surfaces constant. The twist distortion of the
director generates a torque on the surface director.
The deviation of the weakly anchored surface director on the test
surface is measured optically as a function of the distance between the
substrates and allows to estimate the extrapolation length. Adjusting
the distance between the substrates can be done mechanically [93] or
can be avoided by using a spherical counter plate [86, 107] or a wedge
cell [90].
The difficulty with these experiments is to simultaneously keep the
substrates parallel, adjust the distance and measure the transmission.
Therefore, other field-off techniques were developed which determine
the anchoring strength directly by measuring the torque when rotating
the substrates [108–110] or measuring the thickness of domains walls
separating regions with different director orientations [111, 112].
4.4.2 Field-on techniques
In field-on techniques, an electric [113,114] ormagnetic [115,116] field is
used to generate a torque on the liquid crystal director. The anchoring
energy is measured either by its influence on the Fre´edericksz transi-
tion [11], the influence on the electro-optic characteristic [115] or the
deviation of the surface director [113, 114].
Since the expertise to perform the described measurements was not
available in our lab, I developed a new field-on measurement method,
described in section 4.6.3.b, to experimentally estimate the azimuthal
anchoring strength. The anchoring strength is estimated by detailed
transmission measurements on liquid crystal cells using the in-plane
switching mode.
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4.5 Flow and memory anchoring
Against common sense, most flat surfaces which are not especially
treated to orient the surface director along a certain direction, will still
give rise to a fixed orientation of the surface director. This undesired
anchoring is generally quite strong and depends heavily on the used
surface material and liquid crystal. The two phenomena responsible
for this are flow and memory alignment.
In a nematic liquid crystal cell with untreated surfaces, the director
at the surface aligns along the filling direction. This is known as flow
alignment [86, 93] and can be avoided by heating the cell above the
nematic-isotropic transition temperature during the filling process.
After cooling to the nematic phase, a liquid crystal cell with iso-
tropic surfaces not treated to obtain a preferential alignment, yields a
Schlieren texture [3, 4, 117]. The director lies in the horizontal plane
with a gradually varying orientation. Between crossed polarizers this
gives a typical pattern with dark regions where the liquid crystal is ori-
ented parallel with one of the polarizers and bright regions where the
director makes an angle of 45◦ with them (see Figure 4.5). The director
variation in the Schlieren texture is random, not induced by any surface
anisotropy.
By symmetry, the isotropic surface should in principle yield a con-
tinuously degenerated azimuthal anchoring. In practice, this is the case
only at the first contact of the liquid crystal with the surface, resulting
in an initial random alignment.
A strong electric field can change the director distribution in the
Schlieren texture. Yet, after removal of the electric field, the original
Schlieren texture is restored. Even heating the sample above the clear-
ing point does not destroy the Schlieren texture. This is known as
memory alignment [86, 93, 118], which implies that the local orienta-
tion of the director is memorized onto the surface. The two responsible
mechanisms for memory alignment are adsorption of the liquid crystal
molecules at the surface [86,93] and anisotropic interactions of polymer
molecules at the surface with the liquid crystal director [86].
Memory alignment is difficult to avoid and the residual anchoring
can be rather strong. For intended weak anchoring, it can modify dras-
tically the initial strength, the orientation and even the symmetry of the
azimuthal anchoring. In this way memory alignment defines an inho-
mogeneous monostable anchoring. Under strong torques the adsorbed
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layer can in some cases change its easy axis orientation (surface glid-
ing) and its anchoring strength. The anchoring thus becomes strongly
dependent on the sample history, which is harmful for almost any ap-
plication.
4.6 Weak anchoring experiments
Planar azimuthally degenerated anchoring is prevented mainly by
memory alignment. Many studies are devoted to the anchoring phe-
nomenon of nematic liquid crystals [86,92,93,118,119] and complicated
equipment is required to measure the anchoring strength. In this sec-
tion, information will be obtained about the anchoring strength using
a simple approach.
4.6.1 Cell preparation
To study the anchoring properties, a number of test cells with different
surface layers are prepared. A test cell consists of a thin liquid crystal
layer sandwiched between two glass substrates. The glass surfaces are
covered with transparent electrodes and the different alignment ma-
terials under testing. Unlike typical liquid crystal cells, the surface of
our test cells is not treated to obtain a preferential director orientation
and thus yields a Schlieren texture. The goal is to find a material that
allows a change of the surface director with a minimal azimuthal an-
choring strength. In the experiments four different surface layers are
compared:
– PI: A polyimide layer deposited by spin coating a 1 wt % solution
of polyimide in n-methyl-2-pyrrolidone
Polyimide is commonly used as an alignment layer for liquid
crystals. After rubbing, a strong alignment along the direction
of rubbing is obtained. Without rubbing, polyimide suffers from
strongmemory alignment [119]. In our experiments PI2610 of HD
microsystems is used.
– FC4430: A combination of the polyimide layer with a surfactant
layer FC4430 on top, deposited by dip coating the PI-coated sub-
strate in a 1 wt % solution of FC4430 in water
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Novec FC4430 fluorosurfactant is a non-ionic polymeric surfac-
tant by 3M which imparts low surface tension in organic coating
systems. FC4430 is used as a wetting, leveling and flow control
agent in solder fluxes, inks and water borne or solvent based coat-
ings. It is the improved version of the previous FC430 that was
studied in reference [119], but opposite to the former experiments
the material is not mixed in the liquid crystal but deposited as a
Langmuir-Blodgett film [120] on top of a polyimide coating by
dip coating.
– 3-GPS: A layer of (3-glycidoxypropyl)trimethoxysilane deposited
by spin coating a 1 wt % solution of 3-GPS in 2-butoxyethanol
Experiments in reference [93] demonstratedmemory free anchor-
ing with 3-GPS. Here the properties are studied in more detail.
– BCB: A layer of benzocyclobutene deposited by spin coating Cy-
clotene 3022-35.
BCB is a polymer used as a dielectric in a wide range ofmicroelec-
tronic applications. The used BCB, is deposited with Cyclotene
from the Dow Chemical Company.
For testing the azimuthal anchoring of the different materials, an
electric field is needed that is able to change the azimuthal angle of the
director. Therefore, the in-plane switching mode of liquid crystals is
used. The in-plane switching substrates were produced in our lab and
have a gap g and electrode widthw of about 30 µm. The cell thickness d
is 2.1 µm. This is rather thin for nematic liquid crystal cells, but ensures
a high influence of the anchoring on the director reorientation. The
liquid crystal used in the experiments is E7. The high birefringence of
E7 (∆n = 0.2269) gives a retardation ∆nd > λ/2, so that the thin cells
yield a substantial electro-optic response.
4.6.2 Microscope observations
a) Static microscope observation
The first step in the experiments is the microscopic observation of the
Schlieren textures of the cells between crossed polarizers. During the
cooling process from the isotropic to the nematic phase, droplets of ne-
matic liquid crystal grow in the isotropic liquid. If the initial anchoring
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strength is low, the director orientation inside the droplets is homoge-
neous and the director in merging droplets is reoriented by the elastic
torques toward a smooth continuous variation of the director. In this
way the size of the homogeneous regions increases for weaker anchor-
ing strengths [119].
(a) PI (b) FC4430
(c) 3-GPS (d) BCB
Figure 4.5: Observation of the Schlieren texture of the liquid crystal
cells between crossed polarizers for the four tested alignment materials.
Image dimension 900 µm × 1200 µm.
Figure 4.5 shows the Schlieren textures of the four different liq-
uid crystal cells between crossed polarizers, observed with a micro-
scope. The axes of the polarizers are oriented along the horizontal
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and vertical sides of the pictures. The observed region measures about
900 µm×1200 µm. The director is parallel to the substrate surfaces with
a gradually varying twist angle. There is no variation of the director
along the surface normal.
The observed liquid crystal area contains no line defects, only sin-
gular points [3,4,117]. These are topological defects which are assigned
a certain strength s. The director distribution around the singular point
is illustrated in Figure 4.6 for a number of frequently appearing exam-
ples. The strength s is determined by the number of dark brushes that
cut a circle drawn around the singularity when it is positioned between
crossed polarizers: |s| = # brushes/4. The sign of the strength s is deter-
mined by the behavior of the brushes between rotating crossed polariz-
ers. If the brushes rotate in the same direction as the crossed polarizers,
the defect is assigned a positive sign.
(a) s = +1 (b) s = −1 (c) s = +1/2 (d) s = −1/2
Figure 4.6: Director distribution in the different types of singular points
which can appear in the director distribution of Schlieren textures.
Defects with opposite strength s can attract each other and even-
tually annihilate, to form a homogeneous director orientation. Defects
with different strength can not cancel each other, but may form a new
defect with the strength being the sum of the individual values. Gen-
erally, the sum of the strengths of all defects in a sample tends to go to
zero.
For polyimide the regions with the same brightness where the di-
rector is more or less homogeneous, are very small in the order of a few
µm. The director of the nematic droplets which are formed after cool-
ing is immediately strongly anchored at the surface and movement of
the singular points is not possible.
For FC4430, 3-GPS and BCB covered cells, the director is not yet an-
chored during the cooling process. Reorientation of the director and
annihilation of singular points leads to the creation of large homoge-
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neous regions with sizes up to 100 µm. These materials are thus can-
didates for planar azimuthally degenerated anchoring surfaces, but to
obtain information about the memory alignment further experiments
are necessary.
b) Influence of memory alignment
The effect ofmemory alignment is observed by comparing the Schlieren
texture before and after applying an ac voltage over the electrodes.
The memory effect tends to restore the original Schlieren texture after
switching off the voltage. Without the memory effect, the final texture
would be determined by the director configuration during the applica-
tion of the voltage.
When applying a voltage of 100 V over the electrodes, the electric
field rotates the director between the electrodes in a plane parallel to
the surfaces. Above the electrodes, the electric field has a strong vertical
componentwhich yields a large tilt angle. Left and right of the center of
the electrode, the director has tilted in opposite directions and a defect
line is created above the center of the electrodes.
x
z
y
x
z
y
(a) 3-GPS (b) BCB
Figure 4.7: Line defects created in the liquid crystal cells above the cen-
ter of the in-plane switching electrodes after applying a high voltage to
the electrodes for the cells covered with 3-GPS and BCB. Image dimen-
sions: 540 µm × 640 µm
After removal of the electric field, the Schlieren texture in the PI,
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3-GPS and BCB cell is largely restored in less than one second, but the
defects formed during switching remain visible in the liquid crystal as
illustrated in Figure 4.7 for the 3-GPS and BCB cell. Thus although
the anchoring was initially weak, the memory effect leads to stronger
anchoring.
c) Memory alignment in the 3-GPS cell
The lines in the 3-GPS sample of Figure 4.7(a) are surface inversion
walls, that correspond to a 180◦ rotation of the director in a plane par-
allel to the surface [4, 117]. The surface inversion walls are located
above the centers of the in-plane switching electrodes. Figure 4.8 shows
the director distribution in a surface inversion wall above an in-plane
switching electrode. There is no variation of the director along the sur-
face normal. While making the 180◦ in-plane rotation of the director,
the director is at two locations parallel to one of the polarizer axes (in-
dicated with P and A). Observed through a microscope, these locations
will appear as dark lines as is visible in Figure 4.7(a) and are indicated
with the gray regions in Figure 4.8. In the neighborhood of the dou-
ble line, the transmitted color remains the same because the director is
everywhere parallel to the substrate surfaces.
x
z
y
A
P
2closely spaced dark
lines observed in the
microscope
ips-electrode
(parallel to the -axis)y
Figure 4.8: Director distribution inside the surface inversion wall lo-
cated above the center of the in-plane switching electrodes in the 3-GPS
cell and its appearance as two closely spaced dark lines when observed
through a microscope with crossed polarizers along the axes A and P.
The width of the surface inversion wall is related to the strength
of the azimuthal anchoring at the surfaces. In a thin inversion wall,
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a large amount of elastic energy is present with strong elastic torques
on the director. A reduction of the azimuthal anchoring strength at the
surface will allow the inversion wall to spread out.
Using an approximation, it is possible to find a relation between
the width of the surface inversion wall and the azimuthal anchor-
ing strength. The director distribution described in Figure 4.8 is one-
dimensional (only variations along x), the director is parallel to the
xy-plane in the whole liquid crystal layer and characterized by the
twist angle φ(x). If a weak azimuthal anchoring along the y-axis with
anchoring strengthWa is assumed at both the top and bottom surface,
the free energy of the liquid crystal layer with thickness d per unit
length in the y-direction over a region with width L in the x-direction
is:
F =
∫ L/2
−L/2
d2
(
k11 + (k33 − k11) cos2 φ
) (dφ
dx
)2
+Wa cos
2 φ
dx. (4.20)
Substitution of the integrand in the the Euler-Lagrange equation
shows that the minimal energy solution of the twist φ(x) must satisfy
the differential equation
(
d2φ
dx2
) (
k11 + (k33 − k11) cos2 φ
)
+
(
dφ
dx
)2
(k33 − k11)
2
sin 2φ +
Wa
d
sin 2φ = 0. (4.21)
This differential equation is solved numerically with boundary equa-
tions φ(−L/2) = −90◦ and φ(L/2) = 90◦ with L >> d. The twist angle
φ as a function of the lateral position x in the surface inversion wall is
plotted in Figure 4.9. The results were calculated for the liquid crystal
material E7, a cell thickness d = 2.1 µm and different values values of
the azimuthal anchoring strengthWa.
The variation of the twist φ in Figure 4.9 shows that for increasing
values of the anchoring strength Wa, the 180
◦in-plane rotation of the
twist is confined to a narrower region as expected. Figure 4.10 shows
the transmission through the surface inversion wall as a function of
the lateral position x, calculated with the Jones Matrix Method. The
polarizers are oriented at ±45◦ with the alignment as in Figure 4.8.
For low values of the azimuthal anchoring strengthWa, the distance
Λ between the two minima of the transmission increases. The width
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Figure 4.9: Variation of the twist φ as a function of the lateral position x
in a surface inversion wall for different values of the azimuthal anchor-
ing strengthWa.
Figure 4.10: Variation of the transmission through a surface inversion
wall between crossed polarizers as a function of the lateral position x
for different values of the azimuthal anchoring strengthWa.
Λ is plotted as a function of the azimuthal anchoring strength Wa in
Figure 4.11. The plot shows that the width Λ decreases proportionally
to the square root of the azimuthal anchoring strengthWa
More generally, an inspection of the parameters in equation (4.21)
shows that
Λ
2 ∼ d
Wa
. (4.22)
A variation of the azimuthal anchoring strength Wa or the thickness d
leads to a proportional variation of Λ2. The proportionality constant in
(4.22) depends on the elastic constants k11 and k33.
The surface inversion walls observed in Figure 4.7(a) have a width
Λ of approximately 2.5 µm. Using Figure 4.11, this allows to estimate
the anchoring strength Wa. The value found for Wa is approximately
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Figure 4.11: Width of the inversion wall Λ as a function of the anchor-
ing strengthWa.
5×10−6 J/m2. According to Table 4.1, this is in the range of medium an-
choring. Thus 3-GPS indeed lowers the azimuthal anchoring strength,
but the value ofWa is still considerable.
The relation between the width of surface inversion walls Λ and
the azimuthal anchoring strength Wa can be used to understand the
observed Schlieren textures in Figure 4.5. For weak initial azimuthal
anchoring, the homogeneous regions are large because the anchoring
allows the regions with large elastic torques to spread out, resulting in
a homogenizing of the director distribution.
For strong initial anchoring, as was the case for PI, this reasoning
doesn’t hold. The anchoring strengthWa is large and the directions φ0
at top and bottom can very well be different. This leads to fast lateral
variations along x and y in the color of the observed Schlieren texture
because φ varies in the z-direction.
d) Memory alignment in the BCB cell
The defects observed in the BCB cell in Figure 4.7(b) are disclination
lines [117], line singularities that appear as a single dark line and either
form closed loops, or connect two s = ±1/2 singular points. Since the
singularity lies close to one surface, the director distribution is not in-
fluenced. Therefore, it seems as if the Schlieren texture is not affected
by the lines. In the neighborhood of the line, the director is oriented
out of the horizontal plane and a change in color is observed around
the line.
Optically, it is not possible to determine which type of disclination
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line is present. By observation of the Schlieren texture it is only possible
to gain information about their origin.
In Figure 4.12, four highly magnified pictures of the same area of
the BCB cell are shown. The cell is positioned between crossed po-
larizers with the polarizer transmission axes parallel to the edges of
the pictures. In Figure 4.12(a), the in-plane switching electrodes, indi-
catedwith the shaded areas, are oriented parallel to the horizontal edge
of the picture. The visible defect lines are mainly horizontal, situated
above the center of the electrodes. At the endpoints of the straight seg-
ments, the defect lines are either interrupted (area 1) or cross the gap
to a neighboring electrode (area 3). One can notice that such endpoints
always occur in a dark region.
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(a) Electrodes horizontal (b) Electrodes horizontal
with 25 V applied
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(c) Electrodes at 20◦ (d) Electrodes horizontal with the
director distribution indicated
Figure 4.12: Transmission images of the in-plane switching BCB cell
with defects between crossed polarizers. The transmission axes of
polarizer and analyzer are oriented along the horizontal and vertical
edges of the pictures. Image dimensions: 290 µm × 225 µm
On the other hand, in other dark regions as in area 2, the defect line
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is undisturbed. The reason is the orientation of the director in the dark
region. If the director is parallel to the electrodes, the defect line above
the electrode disappears as in areas 1 and 3. If it is perpendicular to
the line, the defect line remains as in area 2. This is confirmed by Fig-
ure 4.12(b). This picture shows the same cell area, with 25 V applied
over the electrodes. The picture was strongly overexposed in order to
have different shades in the regions between the electrodes. A further
increase of the applied voltage would make the whole area in between
the electrodes homogeneously black. In area 2 where the director was
already perpendicular to the electrodes, the director is unaffected and
the area remains perfectly black despite the high intensity of the inci-
dent light. In the areas 1 and 3, the director is rotated toward the electric
field and the dark area changes intensity. Only above the center of the
electrodes in area 1, a thin dark region is still present where the director
is along its original direction.
By now, the director orientation can be distinguished in the dark
regions (horizontal or vertical). To determine the director orientation
in the bright regions, the sample must be rotated with respect to the
crossed polarizers as shown in Figure 4.12(c). By following the direc-
tion in which a dark brush moves, it is possible to determine the direc-
tor distribution in the intermediate regions. The director orientation in
a particular brush remains the same with respect to the polarizers. In
area 1 of Figure 4.12(a), the dark brush contains horizontal directors.
After a rotation of 20◦ the dark brush is shifted to the edge of area 1,
which means that at this new location the director is now horizontal.
By rotating back, the original director distribution at this location is ob-
tained. In this way, the director distribution in the whole cell can be
determined as shown in Figure 4.12(d).
In area 3 of Figure 4.12(a), a defect line is created that crosses be-
tween two neighboring electrodes. To understand why, we have a
closer look at the director distribution around the defect line. Before
any voltage was applied to the cell and the defect line was not yet cre-
ated, the director in the dark region of area 3 was oriented horizontal
as represented in Figure 4.13(a). To the left and the right the director is
rotated 45◦ in opposite directions.
When applying a voltage over the electrodes, an electric field E is
generated which forces the director at the left and the right to rotate
toward the electric field. At the center, the director is perpendicular
to the electric field and does not feel a torque. At both sides of the
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(a)Before the external electric field is applied
(b) With an external field along the vertical axisE
(c) With a strong external field along the vertical axisE
(d) After the external electric field is removed
E
E
x
z y
Figure 4.13: Origin of the defect line in area 3 of Figure 4.12, by observ-
ing the effect of an externally applied electric field E on the director
distribution in the plane parallel to the substrate.
center, the rotation toward the electric field E occurs in opposite direc-
tions. When the applied voltage is increased, the two side regions grow
at the expense of the center region as shown in Figure 4.13(b), leaving
a narrow region where the director is still horizontal. Finally with a
strong electric field, the high distortion energy in the center region is
dissolved by flipping the director in the middle 90◦, forming a homo-
geneous distribution with the two neighboring regions as is illustrated
in Figure 4.13(c).
After switching off the applied voltage, the director in the side re-
gions rotates back to the original orientation. Only near the center, the
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director remains vertical as represented in Figure 4.13(c), due to the op-
posite elastic torques at both sides. This creates a high energy region
since the center director is perpendicular to its anchoring direction and
causes the creation of a defect line that crosses between the two neigh-
boring electrodes.
e) Switching and relaxation for FC4430
To test the memory alignment on FC4430, four photographswere taken
of the same area in a cell covered with FC4430. Before taking a picture,
a 1 kHz / 100 V square wave is applied to the in-plane switching elec-
trodes during 1 min, followed by a short circuit during 3 min. In this
way, four consecutive pictures were taken of the cell, with each time
in between a high voltage applied during 1 min and a short circuit of
3 min. The four resulting images are shown in Figure 4.14.
Comparing the four pictures shows that the Schlieren texture is
changed after each step. The change in the director distribution ob-
tained after 3 min of short circuit is stable. Unless another voltage is
applied to the electrodes, it remains unchanged. This indicates that the
memory effect is lowered seriously if the surfaces of the cell are covered
with FC4430. Moreover, unlike the BCB and 3-GPS cells discussed in
the previous section, the obtained director distribution in the FC4430
cell is free of defect lines.
The change in the Schlieren texture in Figure 4.14 and the absence
of defect lines requires a more detailed treatment. In Figure 4.15, the
FC4430 cell is shown between crossed polarizers with 100 V applied.
In Figure 4.15(a), the electrodes are oriented parallel to the horizontal
edge of the picture and to one of the polarizer axes. Because of the
high voltage applied, a strong electric field is present which rotates the
director in the plane perpendicular to the electrodes. Therefore the di-
rector is oriented perpendicular to the axis of one of the polarizers and
for the greater part of the cell area, the transmission is dark. Only two
closely spaced gray lines are visible above center of the in-plane switch-
ing electrodes. In Figure 4.15(b), the electrodes are oriented at 35◦ with
the polarizer transmission axis and the picture edge. Between the elec-
trodes, the image is bright while the area above the electrodes is darker
with a line above the center.
In Figure 4.16, the transmission profile above the electrodes is plot-
ted for Figures 4.15(a) and 4.15(b). Three regions can be distinguished:
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(a) Initial image before applying (b) Image after application of
a voltage a square wave and a short circuit
(c) Image after the second (d) Image after the third
square wave and short circuit square wave and short circuit
Figure 4.14: Transmission image of the FC4430 cell between crossed po-
larizers with the polarizer axes along the horizontal and vertical edge
of the pictures. Between each picture a 100 V square wave has been ap-
plied over the electrodes for 1 min, followed by 3 min of short circuit.
The in-plane switching electrodes are oriented at 53◦ with the horizon-
tal edge of the pictures. Image dimensions: 450 µm × 600 µm
a homogeneous region C between the electrodes, a region A above the
center of the electrodes with a rapid variation in intensity and a homo-
geneous region B at both edges of the electrodes. A similar transmis-
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(a) Electrodes parallel to the (b) Electrodes at 35◦ with the
horizontal edge of the picture horizontal edge of the picture
Figure 4.15: Transmission image between crossed polarizers of the
FC4430 cell with a voltage of 100 V applied. The polarizer axes are
for both images oriented parallel to the edges of the pictures. Image
dimensions: 225 µm × 300 µm
sion profile was observed above the electrodes of the strongly anchored
in-plane switching mode in references [72, 121].
Taking into account the electric fields generated in the liquid crystal
while applying a voltage over the electrodes, the director distribution
can be estimated. The director between the electrodes (region C) lies
along the x-axis, parallel with the electric field. For the electrodes par-
allel with the polarizer, regions B is dark. Thus, the director lies in the
xz-plane, but not along the z-axis since rotating the polarizer orientation
with respect to the electrodes yields light transmission in this region.
The line above the center of the electrodes in Figures 4.15(a) and
4.15(b) gives the impression that there is a defect line present in re-
gion A. But since after switching off there is no remaining disclination
line visible, the director rotation from one side of region A to the other
should be continuous.
Although the electric field in region A lies in the xz-plane, almost
parallel to the z-axis, the director in region A does not remain in the
xz-plane. For the electrodes parallel with one of the polarizer axes, two
thin bright lines are visible in Figure 4.15(a), which is only possible if
the director sticks out of the xz-plane. Moreover, in Figure 4.15(b) there
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Figure 4.16: Schematic director distribution in an in-plane switching
liquid crystal cell with the director weakly anchored at the surface,
while a high voltage applied. Above, the transmitted intensity pro-
file is shown, measured with a CCD-camera for the electrodes parallel
or at an angle with the polarizers (electrode width w = 24 µm).
is a bright line at the center. Therefore the director in the center does
not lie along the z-axis.
A combination of observations and two-dimensional simulations
leads to the director distribution represented in Figure 4.16. The lines
symbolize the projection of the director distribution on the xz-plane.
At the surfaces, the anchoring forces keep the director horizontal. In
region A, from left to right, the bulk director rotates on a cone around
the z-axis. Two-dimensional simulations with the MonLCD-tool have
shown that for a weakly anchored surface, the surface director can
make a continuous rotation around the x-axis over the center. More-
over, the midplane tilt angle decreases with lower values of the surface
anchoring strengthWa.
The director distribution in Figure 4.16 is confirmed by observa-
tion of the behavior after switching off. Shortly after removal of the
applied voltage in Figure 4.15(b), the surface anchoring aligns all direc-
tors parallel to the substrate surfaces everywhere in the cell. As shown
in Figure 4.17(a), the director in region B is now parallel with the x-axis,
forming a homogeneous region with region C.
The director rotation on a cone in region A induced by the voltage
that was applied is, after switching off the voltage, transformed into a
narrow surface inversion wall. This is shown in Figure 4.17(a) which
is taken 50 ms after switching off the applied voltage of Figure 4.15(b).
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(a) after 50 ms (b) after 1.75 s
Figure 4.17: Transmission image for crossed polarizers (parallel tot the
edges of the pictures) after switching off the applied voltage of 100 V of
the observation in Figure 4.15(b). Image dimensions: 225 µm × 300 µm
The bright line in the center of the surface inversion wall has a direc-
tor orientation perpendicular to the director orientation in regions B
and C and therefore the same intensity. The location of the wall in Fig-
ure 4.17(a) is still above the center of the electrodes, as can be seen by
comparing with Figure 4.15(b). The strong torque on the liquid crystal
director in the surface inversion wall in combination with the weakly
anchored director a the surface, forces the inversion wall to broaden
and move in order to lower the elastic energy as can be seen in Fig-
ure 4.17(b), taken 1.75 s after switching off the voltage. Eventually, the
defect points can attract each other and annihilate, leading to a random
director distribution as in one of the pictures of Figure 4.14.
The director in region A of Figure 4.16 lies out of the xz-plane. The
rotation on a cone around the z-axis from left to right in this region can
be clockwise or counterclockwise. When two domains with opposite
rotation approach each other, regions B and C join together without
defects. In region A, the two approaching domains create a singular
point with strength s = +1 or s = −1 depending on the orientation
of the approaching domains. Figures 4.14 and 4.17 show indeed only
fourfold singular points (s = ±1). In Figure 4.5(b) on the other hand,
which was taken on the same cell before any voltage was applied, also
twofold singular points (s = ±1/2) can be observed.
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4.6.3 Transmission measurements
The above experiments indicate that the surface covered with FC4430
is a good candidate for true memory-free weak anchoring. To obtain a
better idea of the anchoring properties, electro-optic measurements are
performed on the different cells.
a) Average electro-optic measurements
A first measure for the anchoring strength is the threshold voltage. For
the parameters of the prepared test cells, the threshold voltage Vth ac-
cording to equation (2.10) which is valid for strong anchoring in a di-
rection perpendicular to the electrodes, is 14.6 V. If the strength of an-
choring is reduced, switching in the experiments should occur at lower
voltages [39, 106].
Figure 4.18 shows the measured electro-optic characteristic, aver-
aged over the regions A, B and C for the four types of cells at a wave-
length λ of 600 nm. The electrodes are oriented parallel to one of the
Figure 4.18: Measured average electro-optic characteristic of the non-
rubbed in-plane switching liquid crystal cells between crossed polariz-
ers, with the polarizer axes parallel and perpendicular to the electrodes.
crossed polarizers and the applied voltages are square waves with a
frequency of 1 kHz. The measured transmission is normalized to an
initial value of 1 for all materials.
Because the measured transmission is averaged over the three re-
gions A, B and C and the director without any voltage applied varies
randomly over the surface, the transmission curves are shaped differ-
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ently than those calculated with the one-dimensional approximation of
the in-plane switching mode in Figure 4.4. At 0 V, the transmission is
not zero due to the variation of the director on the surface. The maxi-
mum applied voltage is not high enough to reach zero transmission.
A clear difference is visible between the measurement of PI and the
other materials. For PI, there is no distinct threshold and at 50 V, the
transmission is decreased with only 15 %. Due to the strong memory
anchoring, the material in the bulk layer has changed its director over
a small angle toward the applied electric field, while the director at
the surface is kept in its original direction. Since the prepared liquid
crystal cells are very thin, the surface layer is important and prevents a
complete rotation of the director. This results in a limited electro-optic
response.
As expected the weaker anchoring of the other materials decreases
the threshold voltage. Already at voltages of about 5 V, which is far
below Vth, the transmission starts changing. Moreover, not only the
liquid crystal in the bulk is able to rotate, also the director at the surface
is reoriented. Therefore the change in transmission is larger.
Observation of the graphs shows sometimes two thresholds. The
lowest threshold arises from the horizontal rotation of the director be-
tween the electrodes, while the second one stems from the reorientation
above the electrodes.
b) Estimation of the azimuthal anchoring strength
For an estimation of the anchoring strength, transmission calculations
of the in-plane switching mode of liquid crystals as a function of the
applied voltage are comparedwith detailedmicroscopemeasurements.
In a region with a uniform director over an area larger than the
gap between the electrodes, g = 36 µm in the prepared cells, the one-
dimensional approximation of the in-plane switching mode of the liq-
uid crystals as described in section 4.3 is valid. Electro-optic measure-
ments in that region can be used for comparison with one-dimensional
calculations. The optical transmission through the one-dimensional liq-
uid crystal layer is calculated using the Jones Matrix Method.
The measurements are performed with a 10-bit CCD-camera on top
of a polarizing microscope using a narrow bandpass filter for a wave-
length of 600 nm. A uniform region of about 5 × 5 µm between two
neighboring electrodes is selected in a LabView-program and for differ-
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ent orientations of the crossed polarizers, the transmission is measured
as a function of the applied voltage in the selected area.
For the prepared cells, the unknown parameter in (4.13) is the an-
choring strengthWa. The anchoring directions φ(0) and φ(d) in the se-
lected region are assumed equal and are obtained by rotation of the liq-
uid crystal cell until a perfect black state is obtained. The corresponding
surface coupling parameter ρ is found by fitting the calculated with the
measured transmission characteristic.
Figure 4.19: Electro-optic characteristic in a uniform region between
neighboring electrodes of the BCB cell, measured (full lines) and calcu-
lated (dashed lines).
In Figures 4.19 the measured transmission curves are shown to-
gether with the calculated transmission curves for BCB. The alignment
direction in the measured region makes an angle of φ0 = 42◦ with the
electric field and the best agreement between measurement and calcu-
lation is obtained for strong alignment ρ = 0, which corresponds with
the expectations.
For the cell covered with PI and 3-GPS, the uniform regions are
too small to perform a reliable measurement. Therefore, the anchoring
strength can not be estimated with this method.
Although high voltages change the alignment of the FC4430 cell as
shown in section 4.6.2, when using a limited voltage range the cell re-
turns to its original state. This means that the azimuthal anchoring is
not entirely degenerated. By measuring the electro-optic characteris-
tic over a limited voltage range, the anchoring can thus be estimated.
Figures 4.20 shows the measured and calculated electro-optic charac-
teristics for the cell covered with FC4430. The alignment direction for
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the measured region made an angle of 53.5◦ with the x-axis.
Figure 4.20: Electro-optic characteristic in a uniform region between
neighboring electrodes of the FC4430 cell, measured (full lines) and cal-
culated (dashed lines).
In in-plane switching liquid crystal devices, the threshold voltage
scales linearly with the distance between the electrodes g. Although
the electrode distance g is 36 µm, the threshold voltage for in-plane
rotation of the cell covered with FC4430 is below 1 V and reaches a
final distribution after only 5 V.
Electro-optic measurements were carried out for several regions in
the FC4430 cell, with different directions of the alignment φ0. The best
comparison between the calculated and the measured characteristics
is found for a reduced surface-coupling of ρ = 40, as illustrated for
one measured region in Figure 4.7. This value of ρ corresponds with
an azimuthal anchoring strength Wa of 3.6 × 10−7 J/m2. This is in the
range of weak anchoring (see Table 4.1) and is low compared to typi-
cal values found in literature [16, 93, 119]. Substitution of Wa in (4.19)
gives a threshold voltage of 0.5 V, which corresponds with the thresh-
old voltage observed in the measured transmission characteristics in
Figure 4.20.
Although the measurement of the anchoring strength is demon-
strated on non-rubbed surfaces exhibiting Schlieren textures, it is also
applicable to surfaces with a homogeneous weak alignment. The
threshold is the main parameter in the fitting procedure. In order
to maximize the influence of the anchoring and increase the accuracy
of the measurement, it is important to work with thin liquid crystal
layers.
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The simple one-dimensionalmethod explained abovewith only one
fitting parameter has been presented on the “XVI Conference on liquid
crystals: Chemistry, Physics and Applications” (18-21 September 2005,
Stare Jabłonki, Poland) [122] and is accepted for publication in proceed-
ings of SPIE [123].
A similar technique is presented in [115]. In this paper, the aver-
age transmission is measured for a rubbed in-plane switching cell with
narrow electrodes and gap (w = g = 1 µm). The measured data is com-
pared with two-dimenional director and optical calculations. A two-
parameter fitting procedure gives the final anchoring strength. Our
method, as explained above, only needs one fitting parameter and uses
much faster one-dimensional calculations of the director distribution
and transmission.
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Chapter 5
Liquid Crystal Device
with a Rotatable Director
The in-plane switching mode of liquid crystal displays is based on the
principle of a controllable wave plate. The director in the in-plane
switching mode is originally oriented homogeneously along the rub-
bing direction with a small pretilt. The positive and negative electrodes
form a pattern of parallel interdigitated stripes on the bottom glass sub-
strate at a small angle with the rubbing direction. Applying a voltage
to the electrodes generates an electric field that rotates the director in
the plane parallel to the surface.
A wave plate is a commonly used item to control the polarization
state of light in optical setups. Typical examples are a quarter-wave
and a half-wave retardation plate. Extra functionality is added to the
wave plate by a variable orientation of the optical axis. For classic wave
plates, this requires a rotational stage. In devices, mechanical parts are
a weak point and should therefore be avoided. Liquid crystals have
unique features which make them the ideal candidate for electrically
controllable wave plates. The orientation of the uniaxial axis of the
birefringence can be controlled by an external electric field. This allows
the implementation of a reconfigurable wave plate without the need of
mechanical moving parts.
Although the in-plane switching mode has excellent characteristics
for use in displays, its application as a controllable wave plate is limited
due to some intrinsic features:
– At the top and bottom surface of the liquid crystal layer, the di-
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rector is kept along the alignment direction. Therefore, the layer
does not behave as a homogeneous layer rotated around the sur-
face normal.
– In the area above the electrodes a strong vertical field is present,
resulting in an inhomogeneous director distribution and loss of
intensity due to diffraction.
– The rotation of the director in the in-plane switching mode is re-
stricted between the rubbing direction and the electric field. The
maximum change of the director twist angle is thus 90◦.
– Removal of the applied electric field causes the director to return
to its original orientation. Therefore, during operation the driving
field must be applied continuously.
– The return to the ground state is relatively slow due to the ab-
sence of a field.
Only a few devices have been demonstrated in which the draw-
backs of the in-plane switching mode as a reconfigurable wave plate
werewholly or partly solved. Examples are the tristable nematic liquid-
crystal device [103] which uses a patterned surface to obtain three sta-
ble alignments, the cartwheel cell [49, 124–126] in which electrode pat-
terns are used to change the direction of the applied electric field and a
device based on smectic layer reorientation in ferroelectric liquid crys-
tals [127–129].
In this chapter a new multistable device is presented in which both
switching and switching back are driven by an electric field. The device
is based on patterned electrodes which allow to control the direction of
the applied field. Switching is possible to three different directions and
enables a 360◦ in-plane rotation of the director. The presented device
can serve as a reconfigurable wave plate or as a pixel in display appli-
cations. The description of the device in the following sections will be
mainly related to its function as a reconfigurable wave plate.
5.1 Structure of the reconfigurable wave plate
The new reconfigurable wave plate consists of a layer of hexagonal elec-
trode pads below a stack of a dielectric layer with thickness d0 and a
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liquid crystal layer with thickness d, sandwiched between two glass
substrates (Figure 5.1).
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substrate
substrate
liquidcrystal
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d
Figure 5.1: Setup of the reconfigurable wave plate with indication of
the used coordinate axes. The area used in the three-dimensional di-
rector simulations is indicated with the dashed rectangle and contains
the hexagonal electrodes (situated in the xy-plane) with on top a dielec-
tric layer, a liquid crystal layer and the top substrate.
The hexagonal electrode pads are arranged in a two-dimensional
array in the xy-plane as illustrated in Figure 5.2. The hexagons in the
simulated device are of regular shape and have a side length a of 3 µm.
The distance between two neighboring hexagons b is 5 µm. The elec-
trodes are grouped in four sets, marked with different gray levels in
Figure 5.2. The individual electrodes of each set are connected to a
lower interconnection level through vias (metalized holes) in an insu-
lating dielectric layer. An electric potential can be applied separately to
each of the four groups.
At the top and bottom surface of the liquid crystal layer an az-
imuthally degenerated planar anchoring surface is used. This enables
free in-plane rotation of the director.
5.2 Operating principle
The electrode topology described above, arranged in four sets of sepa-
rately driven hexagonal pads, allows the implementation of a large va-
riety of possible driving configurations. Here the study is restricted to
the case in which the four sets are driven in pairs of two by two, so only
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three driving configurations are obtained. The three cases are shown in
Figure 5.3 and will be referred to as the driving configurations C1, C2
and C3. The two gray levels in Figure 5.3 indicate different potentials.
The electrodes with the same potential form parallel lines, comparable
with the parallel electrodes of the in-plane switching mode of liquid
crystals. Changing the driving configuration rotates the electrode lines
and this rotates the liquid crystal director.
The local electric field can be decomposed into two components.
A horizontal field, parallel to the xy-plane and a vertical field parallel
to the z-axis. Between the parallel sides of two neighboring electrodes
with different potential levels, the local horizontal electric field will be
oriented approximately in the direction perpendicular to the parallel
x
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b
Figure 5.2: The hexagonal electrode pattern situated in the xy-plane.
The four groups of electrodes are marked with different gray scales,
with indication of a rectangular and a hexagonal building block.
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Figure 5.3: Three possibilities for driving the electrode sets two by two.
The electrodes are situated in the xy-plane and the gray levels indicate
different voltage levels. In each driving configuration, the direction of
the average horizontal electric field Eav is indicated.
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sides as represented in Figure 5.4. Taking into account that a liquid
crystal makes no distinction between a positive or a negative electric
field, it is clear from Figure 5.4 that the average horizontal electric field
Eav is parallel to the y-axis. The liquid crystal director will therefore
align on average in this direction. The direction of the average horizon-
tal electric field Eav in driving configurations C2 and C3 can be found in
a similar way and is indicated on Figure 5.3. The azimuthal direction
of the average electric field Eav will be indicated with φav and is equal
to 90◦, 30◦ and 150◦ in respectively driving configuration C1, C2 and C3.
x
y
z
Mirrorplanes
Direction of the
average horizontal
electric field
Eav
Local horizontal electric field
between the electrodes
Figure 5.4: Indication of the approximate direction of the horizontal
component of the local electric field between neighboring electrodes
(represented by small arrows) and the average horizontal electric field
Eav for driving configuration C1. The mirror planes xz and yz are drawn
as dotted lines.
Figure 5.4 also reveals that in the case of driving configuration C1,
the xz-plane and the yz-plane are mirror planes. For driving configura-
tions C2 and C3, the mirror planes rotate compared to those shown in
Figure 5.4 by ±60◦ around the z-axis. The mirror plane xz which con-
tains the centers of the hexagonal electrodes at the same potential level,
will be referred to as the equipotential mirror plane.
Due to the hexagonal configuration, the angle between the aver-
age electric field in two driving configurations is always 60◦. Conse-
quently, horizontal director rotation through an angle of 360◦ is possi-
ble, as shown schematically in Figure 5.5.
Consider for example the situation when C2 is applied to a starting
configuration with the director aligned in the y-direction at t0. Apply-
ing C2, causes the director to rotate clockwise toward the situation at
t1, making an angle of 60
◦ with the positive y-axis. Now applying driv-
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Figure 5.5: Illustration of the three directions along which the director
can be aligned (opposite directions are physically equivalent) and the
principle of a 360◦ director rotation by successive application of the
three driving configurations.
ing configuration C3 will rotate the director further toward t2, another
rotation of 60◦. Finally, applying C1 aligns the director again along the
y-axis, but its orientation has undergone a 180◦ rotation. Successive ap-
plication of C2, C3 and C1 a second time results in the orientation at t6.
The director has returned to its original position after a 360◦ in-plane
rotation.
5.3 Director simulations
Director simulations of the device have been performed using the
dynamic three-dimensional Liquid Crystal Director Simulation tool
MonLCD as described in section 2.3. Since the device is periodic, only
a single building block needs to be used for three-dimensional simu-
lations. The minimum modeling window is a hexagonal prism with
a base as represented on Figure 5.2. Periodic boundary conditions
are used on the opposing faces for the director and potential distribu-
tion. The side length of the base of the hexagonal building block is
2(a + b/
√
3) = 11.77 µm.
In the simulations, it is assumed that the electric field due to the
interconnection electrodes has a negligible influence on the director
distribution. This is acceptable if the dielectric layer with vias is suf-
ficiently thick. Therefore only the dashed rectangle in Figure 5.1 has
5.3 Director simulations 91
been simulated. The simulated volume contains the hexagonal elec-
trode pads in the xy-plane, the uniform isotropic dielectric layer with
thickness d0, a liquid crystal layer with thickness d and a second thicker
dielectric layer on top of the liquid crystal. The calculations are exe-
cuted on an irregular mesh with 23066 tetrahedral elements and 4675
nodes, constructed with the commercial mesh generator GiD.
The nematic liquid crystal used in the simulations is E7 with the
physical parameters as represented in Tables 2.2 and 3.1. The thickness
d of the liquid crystal layer is chosen to be 2.1 µm. The top and bottom
surfaces of the liquid crystal layer are modeled as planar azimuthally
degenerated anchoring surfaces. The surface anchoring energy in the
simulation tool is represented by equation (4.12) with the polar anchor-
ing strengthWp equal to 5×10−6 J/m2. For this thickness and the wave-
length of a HeNe-laser (λ = 632.8 nm), the total retardation of the liq-
uid crystal layer is about 3λ/4. The liquid crystal layer acts thus as a
quarter-wave retardation plate when used in transmission and a half-
wave retardation plate when used in reflection.
The bottom dielectric layer used in the simulations has a thickness
do of 1.3 µmand a dielectric constant ε = 3.5. The purpose of the bottom
dielectric layer will be pointed out in the following sections.
At the top and bottom surface of the modeling window, the simu-
lation tool MonLCD assumes a mirror plane for the potential distribu-
tion. The calculated local electric field is thus horizontal in the top and
bottom plane. In the xy-plane containing the hexagonal electrodes, this
is a good approximation. At the top surface of the liquid crystal layer
on the other hand, the obtained fields are not horizontal. Therefore,
a sparsely meshed dummy dielectric layer is added above the liquid
crystal layer. At the top of the dummy layer, the calculated electric
fields deviate from the real electric fields, but in the liquid crystal layer
the electric field is calculated correctly. The dummy dielectric layer has
a thickness of 4 µm and the dielectric constant of the top glass substrate
ε = 8. It is present in all simulations, but left out of consideration in the
discussions.
5.3.1 Simulated director distribution
Figure 5.6 illustrates the operation of the device, showing a 180◦ rota-
tion of the director by successively applying the driving configurations
C1, C2, C3 and once again C1, each for 250 ms. Originally at t = 0 ms,
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Figure 5.6: Simulation of a 180◦ director rotation by application of 4
consecutive driving configurations. The plots show the director and
the potential distribution in the midplane of the liquid crystal layer
(z = 2.35 µm in the coordinate system defined in Figures 5.1 and 5.2).
The background color gives the potential variation (top right legend)
with the equipotential lines. The small cones indicate the director dis-
tribution. The azimuth of the cones is an indication of the local director
twist angle. The length and the color of the cones (bottom right legend)
indicate the tilt angle. Plotted area: 20.4 × 23.5 µm.
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the director is oriented parallel to the y-axis. The voltage applied to an
electrode is 0 V or 5 V depending on the desired driving configuration.
The pictures show the orientation of the director as well as the elec-
tric potential distribution in the midplane of the liquid crystal layer,
z = 2.35 µm, at the end of each time step in the sequence. The back-
ground shade indicates the potential distribution. Although the direc-
tor orientations n and −n are physically equivalent, the director dis-
tribution is represented by cones. The shade and length of the cones
indicate the director tilt angle, the azimuth corresponds with the twist
angle. In this way, the difference between the director distribution in
Steps 1 and 4 becomes visible. The director distributions in Step 1 at
t0 = 250 ms and Step 4 at t3 = 1000 ms both show an average direc-
tor orientation parallel to the y-axis. However, in step 4 the director is
rotated over an angle of 180◦. At the intermediate steps t1 = 500 ms
and t2 = 750 ms, the average director orientation makes an angle of
respectively 30◦ and -30◦ with the positive x-axis. Reapplying the se-
quence of driving configurations C2, C3 and C1 results in reorientation
of the director to the original direction at t6 after a 360
◦ rotation of the
director.
Switching from one driving configuration to another only requires a
rotation over an angle of 60◦. Physically there is no difference between
step 1 and 4. However, a limitation of the maximum rotation angle
below 180◦ would, in certain cases, require a larger and more time con-
suming rotation. For example, a rotation from step 3 via step 2 back to
step 1 would require a rotation of 120◦.
Figure 5.7 shows the potential and director distributions across sev-
eral horizontal cut planes through the hexagonal unit. In Figures 5.7(a)
and 5.7(b) the potential distribution is shown in respectively the xy-
plane at the bottom of the dielectric layer (coincident with the electrode
pads) and the midplane of the dielectric layer. Figures 5.7(c) and 5.7(d)
show the director profile at the bottom and the top of the liquid crystal
layer. The distribution in the midplane of the liquid crystal layer was
illustrated in Figure 5.6(b).
It is important to note that the local horizontal electric field (par-
allel to the xy-plane), given by the negative gradient of the potential
distribution is not homogeneous and makes an angle with the average
horizontal electric field. At first sight, the local horizontal electric field
between two electrodes on different potential levels appears to orient
along the normal to the hexagonal electrode edges, with an angle of
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Figure 5.7: Director and potential distribution in different horizontal
planes in the device at t1 = 500 ms and driving configuration C2 ap-
plied. Coordinate axes as defined in Figures 5.1 and 5.2. Indication of
the potential and director distribution as in Figure 5.6. (a) z = 0.0 µm:
the xy-plane containing the electrodes at the bottom of the dielectric
layer (b) z = 0.65 µm: the plane in the middle of the dielectric layer (c)
z = 1.3 µm: the bottom plane of the liquid crystal layer (d) z = 3.4 µm:
the top plane of the liquid crystal layer. Plotted area: 20.4 × 23.5 µm.
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±30◦ with respect to the average electric field as schematically drawn
in Figure 5.4. After closer inspection of Figures 5.7(a) to 5.7(d) however,
it is found that the angle between the local horizontal electric field and
the average orientation is less than 30◦ at the bottom of the liquid crys-
tal layer and decreases with increasing z. At the bottom of the liquid
crystal layer the twist angle of the local director is spread across a range
of almost ±30◦ about the desired direction, while in the volume above,
the local director is aligned almost homogeneously along the average
direction of the horizontal electric field.
5.3.2 Purpose of the dielectric layer
Near the electrodes, the vertical component of the electric field is
strong. Figure 5.8(a) shows the director and the potential distribu-
tion in case the dielectric layer is absent and the liquid crystal layer is
deposited directly on top of the hexagonal electrodes. The plot shows
that without the dielectric layer, the director above the electrodes tilts
to angles of almost 90◦. When the applied voltage is removed, a tilt of
90◦ can result in the formation of domains separated by a defect line if
the director in the adjoining regions relaxes in opposite directions.
Figure 5.8: Distribution of the director and the potential in the xz-plane
(y = 0 in Figure 5.2) at t1 = 500 ms when driving configuration C2
is applied. (a) without the dielectric layer (the liquid crystal layer is
positioned directly above the electrodes, plotted area: 20.4×2.1µm), (b)
the device as described above with a dielectric layer of 1.3 µm inserted
between the electrodes and the liquid crystal layer (plotted area: 20.4×
3.4 µm).
Furthermore, the non-uniformity in the optical thickness of such a
layer prevents its intended use as wave plate. In order to favor lateral
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rotation instead of tilting, a dielectric layer is inserted between the elec-
trodes and the liquid crystal layer. This layer shields the liquid crystal
from the regions above the electrodeswith strong vertical electric fields.
Figure 5.8(b) shows that a more homogeneous distribution of the liquid
crystal director is achieved when a dielectric layer is included. In the
following, a dielectric layer is always included unless specified other-
wise.
a) Simplified model for the influence of the dielectric layer
To illustrate the effect of the thickness and dielectric constant of the di-
electric layer on the electric field in the liquid crystal, a simplified two-
dimensional model with isotropic media is used, shown in Figure 5.9.
An isotropic dielectric layer with dielectric constant εd is sandwiched
between two infinite isotropic media with dielectric constant εlc. Since
the director tends to orient along the electric field, ε‖ is used for the liq-
uid crystal layer. In the middle of the dielectric layer, electrodes lines
are present with alternating potential as in the in-plane switching mode
of liquid crystals.
+V /20 +V /20-V /20 -V /20
liquidcrystal ålc
dielectricum åd
z
x
d0
w g
A A’
d
Figure 5.9: Simplified two-dimensional configuration which allows an
analytic approximation of the field for the in-plane switching mode.
Electrode stripes in a dielectric layer with thickness 2do between liquid
crystal media.
Analytical calculation of the potential distribution in this configu-
ration is not possible, but a simplification is possible by approximating
the potential between two neighboring electrodes along the x-axis by a
linear function as represented in Figure 5.10. In this case, separation of
variables [130] can be used to solve the potential problem. The obtained
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+V /20
-V /20
w g
x
Potential
Figure 5.10: Potential variation along the x-axis in Figure 5.9 if the
potential between neighboring electrodes is approximated by a linear
function.
expression of the potential distribution is
z < do : V (x, z) =
∞∑
n= 1, 3, ...
[
An e
npi z
w+g + Bn e
− npi zw+g
]
sin
(
npi x
w + g
)
(5.1a)
z > do : V (x, z) =
∞∑
n= 1, 3, ...
Cn e
− npi zw+g sin
(
npi x
w + g
)
(5.1b)
with
An = αn (εd − εlc) (5.2a)
Bn = αn e
2npi do
w+g (εd + εlc) (5.2b)
Cn = 2αn e
2npi do
w+g εd (5.2c)
αn =
4V0
(
w + g
)
sin
(
npi g
2(w+g)
)
gpi2 n2
[
(εd − εlc) + e
2npi do
w+g (εd + εlc)
] (5.2d)
Note that for z = 0, this expression is independent of the dielectric
constants εd and εlc and V(x, 0) results in the function plotted in Fig-
ure 5.10. From the potential distribution V(x, z), the electric field can be
calculated as E = −∇V.
The potential and electric field distribution, calculated in the dotted
rectangle of Figure 5.9, is shown in Figure 5.11. The background color
shows the potential distribution, with indication of the equipotential
lines. The thick dashed lines represent the electric field lines. The width
and spacing of the electrodes correspond with the width and spacing
of the hexagonal electrodes: w =
√
3a = 5.2 µm and g = b = 5 µm. The
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thickness of the dielectric layer is chosen the same as in the simulated
hexagonal device of Figure 5.6: do = 1.3 µm. For the liquid crystal layer,
only a layer with thickness d = 2.1 µm is represented in Figure 5.11. In
Figure 5.11(a), the liquid crystal layer is positioned directly on top of
the electrodes (do = 0 µm). In Figures 5.11(b) and 5.11(c), the dielectric
layer is inserted.
(a) without dielectric layer
(b) with dielectric layer (εd = 3.5, εlc = 19.6)
(c) with dielectric layer (εd = 19.6, εlc = 3.5)
Figure 5.11: Analytic approximation of the electric field lines (dashed)
and equipotential lines (full) in the in-plane switching configuration for
isotropic media. (a) liquid crystal directly deposited on the electrodes
without dielectric layer (plotted area: 20.4×2.1µm), (b) with a dielectric
layer between the liquid crystal and the electrodes (plotted area: 20.4×
3.4 µm), (c) with a high εd dielectric layer between the liquid crystal
and the electrodes (plotted area: 20.4 × 3.4 µm).
The field lines which start or end at an electrode in Figure 5.11(a)
are oriented perpendicularly to the surface. In the liquid crystal layer,
this will lead to high tilt angles of the director. If the dielectric layer is
inserted between the liquid crystal and the electrodes, the electric field
at the bottom surface of the liquid crystal is no longer perpendicular. In
Figure 5.11(b), εd = 3.5 and εlc = ε‖ = 19.6 is used as an approximation
of the simulated device. Figure 5.11(c) represents a hypothetic case in
which εd and εlc are interchanged compared to Figure 5.11(b).
Since |εd − εlc| is large, the change in direction of the electric field
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at the interface is quite large. Nevertheless, closer inspection of Fig-
ures 5.11(b) and 5.11(c) reveals that the direction of the electric field at
the bottom surface of the liquid crystal layer looks similar, although εd
and εlc were interchanged. Therefore, the electric field at the bottom
of the liquid crystal layer is further inspected. From (5.1a), the electric
field just above the interface between the two materials can be calcu-
lated as
E (x, do+) =
∞∑
n= 1, 3, ...
−npi
w + g
Cn e
− npi dow+g cos
(
npi x
w + g
)
1x
+
∞∑
n= 1, 3, ...
npi
w + g
Cn e
− npi dow+g sin
(
npi x
w + g
)
1z. (5.3)
The magnitude |E| and the direction θe of the electric field E(x, do+) just
above the interface are plotted in Figure 5.12 as a function of the lateral
position x for the three cases of Figure 5.11 and an applied voltage of
5 V. The direction of the field is given by its angle θe with the positive
x-axis. The plot starts and ends above the centers of neighboring elec-
trodes, illustrated by the line AA′ in Figure 5.9. The location of the two
halve electrodes below the line AA′ is indicated with the thick black
lines on the x-axis in Figure 5.12.
Between the electrodes, the three curves of the direction θe as a func-
tion of the lateral position x are almost identical. On the electrodes, the
electric field for d0 = 0 µm is perpendicular to the surface as expected.
If a dielectric layer is inserted between the electrodes and the liquid
crystal, the direction of the electric field just above the interface is not
heavily influenced by the dielectric constant εd. The two plots with
a dielectric layer in Figure 5.12 show an almost linear variation from
+90◦ to -90◦, but the strength of electric field in the liquid crystal layer
decreases when lowering εd.
In Figure 5.13 the magnitude |E| and the direction θe are plotted for
different values of the thickness do for an applied voltage of 5 V and
the dielectric constants εd = 3.5 and εlc = ε‖ = 19.6. From the plots
it is clear that the thickness do influences mainly the magnitude of the
electric field. Once a dielectric layer is inserted, the direction of the
electric field θe is hardly modified.
From Figures 5.12 and 5.13 follows that a low value of the thickness
do and a high value of the dielectric constant εd are favorable for a high
electric field in the liquid crystal layer.
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Figure 5.12: The angle θe with the x-axis (top) and the magnitude |E|
(bottom) of the electric field E(x, do+) just above the interface between
the dielectric and the liquid crystal layer for the three cases of Fig-
ure 5.11.
The influence of the width w of the electrodes and the gap g is visi-
ble in Figure 5.14, which was calculated using an applied voltage of 5 V,
a thickness do = 1.3 µm and dielectric constants εd = 3.5 and εlc = ε‖. In
the different plots the gap g between the electrodes is varied from 1 to
4 µm, but the distancew+g is kept constant at 10 µm. The direction and
strength of the electric field above the electrodes is hardly influenced,
but in the center between the electrodes the strength of the the electric
field increases for smaller gaps. Therefore, a small value of the gap g is
favorable.
In the simulated hexagonal device of the previous section, a rather
thick dielectric layer with a low dielectric constant is used. This seems
unfavorable, since it reduces the strength of the electric field in the liq-
uid crystal. The motivation to use a material with these properties was
the easy and fast processing of the polymer BCB used in the exper-
iments. The minimal reachable thickness by spinning without addi-
tional process steps is about 1 µm.
b) Mirror plane perpendicular to the average electric field
As explained in section 5.2, the orientation of the mirror planes de-
pends on the driving configuration. Due to symmetry, the local elec-
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Figure 5.13: The angle θe with the x-axis (top) and the magnitude |E|
(bottom) of the electric field E(x, do+) just above the interface between
the dielectric and the liquid crystal layer for different thicknesses of the
dielectric layer, εd = 3.5 and εlc = ε‖ = 19.6.
tric field in the equipotential mirror plane (containing the centers of the
hexagonal electrodes at the same potential level in Figure 5.4) should be
parallel with the plane and thus perpendicular to the average horizon-
tal electric field Eav of the driving configuration. To achieve a consistent
director distribution, it is important that the director orientation does
not follow the local electric field lines, but is determined by the elastic
forces exerted by the liquid crystal director away from the plane.
In Figure 5.15, the director and potential distribution are shown in
the equipotential mirror plane for different device configurations at
t0 = 250 ms with driving configuration C1 applied. In Figure 5.15(a),
the liquid crystal is positioned directly on top of the electrodes as in
Figure 5.8. The director above the electrodes is almost perpendicular to
the surface due to the strong vertical electric field in the mirror plane,
only between the electrodes the director is oriented along the average
electric field.
Introducing the dielectric layer in Figure 5.15(b) shows that the di-
rector becomes perpendicular to the mirror plane as desired. Since the
director is perpendicular to the observed plane, only the white tips
of the cones which represent the director are visible. Increasing the
electrode width at the expense of the gap between them, increases the
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Figure 5.14: The angle θe with the x-axis (top) and the magnitude |E|
(bottom) of the electric field E(x, do+) just above the interface between
the dielectric and the liquid crystal layer for different widths of the gap
g between the electrodes, keeping the distance between the center of
neighboring electrodes w + g constant. (do = 1.3 µm, εd = 3.5 and
εlc = ε‖ = 19.6)
strength of the electric field between the parallel rows of electrodes at
equal potential that rotates the director in the plane parallel to the sur-
faces. Larger hexagons with reduced spacing are also favorable for a
homogeneous director. They lower the horizontal variation of the po-
tential in the equipotential mirror plane as shown in Figure 5.15(c) and
thus weaken the horizontal electric field parallel in this plane. There-
fore, the director is encouraged to follow the average horizontal electric
field Eav, perpendicular to the mirror plane.
For a dielectric layer with increased dielectric constant, the electric
fields in the liquid crystal are stronger. As a result, the local directorwill
follow closer the local electric field instead of the average electric field
Eav. Inside the equipotential mirror plane, the horizontal variation of
the potential is larger as can be seen in Figure 5.15(d). At the same time,
the electric fields away from the equipotential mirror plane are stronger
and less along the average electric field. As a result, the director in the
mirror plane follows less good the average director.
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Figure 5.15: Distribution of the potential and the director in the equi-
potential mirror plane (xz of Figure 5.2), at t0 = 250 ms with driving
configuration C1 applied. (a) without dielectric layer (plotted area:
20.4 × 2.1 µm), (b) with a dielectric layer (d0 = 1.3 µm, plotted area:
20.4 × 3.4 µm), (c) with the same dielectric layer but larger electrode
dimensions (plotted area: 23.3×3.4 µm), (d) with a dielectric layer with
higher dielectric constant (plotted area: 20.4 × 3.4 µm)
5.3.3 Switching times of the device
In Figure 5.16 the evolution of the average twist φd is plotted versus
time for a range of applied voltages from 1 to 10 V. The average twist φd
is the mean value of the director twist angle at all nodes of the irregular
mesh. The initial director orientation is chosen parallel to the y-axis (a
twist of 90◦) and the succeeding driving configurationsC1−C2−C3−C1−
C2−C3−C1 were applied, each for a duration of 250 ms. The first period
with C1 applied is not strictly necessary since the director is already
aligned along the y-direction. It is added to illustrate that the azimuthal
angle of the average director in this configuration remains along the y-
direction. The minimum voltage required to rotate the director over an
angle of 360◦ is 4 V. Near the rotation threshold the total switching time
is larger than 250 ms, but with increasing voltage the switching time
104 Liquid Crystal Device with a Rotatable Director
decreases.
Figure 5.16: Variation of the average twist φd versus time for different
voltages when applying the following sequence of driving configura-
tions: C1−C2−C3−C1−C2−C3−C1. Each driving configuration is applied
for 250 ms, starting with the director aligned along the y-direction.
The evolution of the average twist φd from one driving configura-
tion to the next follows approximately an exponential decay. Table 5.1
gives the time constant of the exponential decay, which is a measure of
the device speed. In the top row of the first column, the time constant is
given for the device with an applied voltage of 5 V. The reported time
constant is quite large. However, a reduction of the time constant can
be achieved by several means, as illustrated in the table. Increasing the
driving voltage, as shown in the bottom row of the table, is an obvi-
ous means to lower the time constant. The stronger electric field results
in a faster response of the liquid crystal. The dielectric layer lowers
the electric field strength in the liquid crystal layer. Therefore reduc-
ing the thickness of the dielectric layer brings the liquid crystal closer
to the electrodes and increases the field strength inside the liquid crys-
tal layer, as illustrated in the second column. In the third column, the
thickness of the dielectric layer d is kept the same as in the default case,
but its dielectric constant ε is increased. In section 5.3.2.a was shown
that this increases the strength of the electric field in the liquid crystal
layer and thus leads to a faster response of the director.
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Table 5.1: Time constant of the exponential decay of the average twist
φd with 5 and 10 V applied. Column 1 gives the time constant for
the proposed device (default): thickness of the liquid crystal layer
d = 2.1 µm, thickness do = 1.3 µm and dielectric constant εd = 3.5 of the
dielectric layer, dimensions and spacing of the hexagons a = 3 µm and
b = 5 µm. Column 2 shows the effect of reducing the thickness of the
dielectric layer and column 3 of increasing its dielectric constant. Col-
umn 4 shows the effect of a change in the dimensions of the hexagonal
electrodes and their spacing.
a = 5 µm
default d = 1.0 µm εd = 8.5 b = 3 µm
5 V 117 ms 94 ms 49 ms 62 ms
10 V 36 ms 33 ms 24 ms 22 ms
With the default device configuration of Table 5.1, the tilt angle of
the director is lower than 30◦ in the whole liquid crystal layer. For
higher voltages, a higher dielectric constant or a thinner dielectric layer
the tilt increases up to angles of 60◦ in certain regions. This has a pro-
found effect on the homogeneity of the liquid crystal layer and thus on
the applicability of the device as a reconfigurable wave plate. An al-
ternative approach is to change the size and spacing of the hexagonal
electrodes. In this case the time constant can be reduced without a sig-
nificant increase in the average tilt angle as shown in the fourth column
of Table 5.1. The polar anchoring parameterWp practically does not in-
fluence the switching time, but it limits the tilt angle near the surface.
Table 5.2: Time constant of the exponential decay of the average twist
φd for different thicknesses of the liquid crystal layer and applied volt-
ages of 5 and 10 V. (All other parameters as in the default case of Ta-
ble 5.1).
1.0 µm 2.1 µm 3.0 µm
5 V 80 ms 117 ms 166 ms
10 V 33 ms 36 ms 56 ms
Changing the liquid crystal layer thickness also affects the switch-
ing speed. The electric field is the strongest at the bottom of the liquid
crystal. For a thicker liquid crystal layer the time constant is expected
to increase due to the weaker driving fields at the top. This agrees with
the time constant behavior of other liquid crystal devices driven by hor-
izontal electric fields [35]. Table 5.2 details the influence of the liquid
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crystal layer thickness on the speed of the device. For operation as a
wave plate, a certain optical phase retardation is required and chang-
ing the thickness of the liquid crystal layer is then not an option.
Finally it is interesting to note that the liquid crystal parameters are
not critical to the device operation. In Table 5.3 the switching time con-
stant is compared for a number of different liquid crystal materials.
The parameters of these liquid crystals differ over a broad range [10,
11, 32], but the time constants remain similar. The dominant influence
on the time constant is the rotational viscosity γ1. For the liquid crys-
tals 6CHBT and 5CB, γ1 is significantly lower, leading to smaller time
constants.
Table 5.3: Time constant of the exponential decay of the average twist
φd for different liquid crystals and applied voltages of 5 and 10 V. (All
other parameters as in the default case of Table 5.1).
E7 ZLI-4792 5PCH 6CHBT 5CB
5 V 117 ms 115 ms 112 ms 88 ms 82 ms
10 V 36 ms 45 ms 37 ms 33 ms 30 ms
5.3.4 Multistable wave plate
Figure 5.17 illustrates the multistable behavior when the applied volt-
age of 5 V is removed after driving configurations C1, C2 or C3 are ap-
plied. The variation of the average twist φd together with the variation
of the maximum and minimum twist angle of the liquid crystal layer
is plotted as a function of time. The time is measured relative to the
instant where the driving voltage is removed. After 100 ms the direc-
tor distribution relaxes to an orientation parallel to the surface along
the average direction of the last driving configuration that was ap-
plied. The average direction of the director φd remains almost constant,
however this direction is not exactly at an angle of ±30◦ as expected.
Figure 5.16 shows that a final direction closer to the desired angle is
achieved by increasing the applied voltage or driving for a longer time.
The evolution of the maximum and minimum twist gives an indication
of the speed of the relaxation process and the homogeneity of the twist.
Relaxation is the most critical process in the device. In the simula-
tions, azimuthally degenerated anchoring surfaces have been used to
model the director alignment at the top and bottom surface of the liq-
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Figure 5.17: Evolution of the maximum, minimum and average twist
as a function of time after removing the applied voltages in the driving
configurations C1, C2 and C3.
uid crystal layer. In practice, some residual azimuthal anchoring can
be present due to memory alignment. Relaxation after switching of the
applied voltages will in this case not result in a homogeneous layer
along the average twist φd, but in a return to the direction specified by
the alignment φ0. Simulations have shown that with a weak azimuthal
anchoring strength along the y-axis (Wa = 1× 10−6 J/m2), in-plane rota-
tion is still possible but the threshold voltage and the time constant for
rotation are increased.
5.4 Optical simulations
5.4.1 General considerations
In this section the optical characteristics of the proposed reconfigurable
wave plate are examined. Before discussing the results, two side as-
pects of the optical simulations are treated.
a) Director distribution on a regular rectangular mesh
The optical algorithms explained in chapter 3 require a regularly
meshed, rectangular prism as building block. This mesh is created by
interpolating the director twist and tilt distribution on the irregularly
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(a)Base of the rectangular
building block
(b) exagonal
building block
Base of the h
Ëh
Ëx = 2Ëh
Figure 5.18: Relation between the rectangular and hexagonal building
block of Figure 5.2. The location of the hexagonal building block is
indicated with a white background in the rectangular period, the other
matching areas are indicated with the same gray level.
(a) Non-orthogonal basis ( , , ) inside
the tetrahedron with as origin
a b c
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b
c
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D
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(b) Non-orthogonal basis ( , , ) inside
the tetrahedron with B as origin
a’ b’ c’
ABCD
Figure 5.19: Construction of two non-orthogonal bases inside each
tetrahedron of the irregularly meshed hexagonal building block.
meshed hexagonal building block. The base of both the rectangular
and the hexagonal building block are represented in Figure 5.2. Their
relation is illustrated in Figure 5.18. Depending on the location in
the rectangle, a different region inside the hexagon must be chosen.
The dimensions of the rectangular period in the x and y-direction are
respectively Λx = 2(
√
3a + b) and Λy = 4(a + b/
√
3).
The hexagonal prism used as building block in the director sim-
ulations is constructed by filling the volume with tetrahedrons. To
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find in which tetrahedron a point P of the regular mesh is located,
two local non-orthogonal bases are chosen for each tetrahedron. The
two bases use a different corner point of the tetrahedron as origin. In
Figure 5.19(a), basis (a, b, c) for tetrahedron ABCD is drawn using A as
origin. The second basis (a′, b′, c′), illustrated in Figure 5.19(b), is con-
structed on the same tetrahedron but with B as origin. The basis vectors
are calculated by subtraction of the coordinates of their endpoints.
Finding in which tetrahedron a point P is located, requires checking
the position of P with respect to all the tetrahedron bases, one by one.
Each point P in space has two place vectors r and r′ with respect to the
two different bases of the considered tetrahedron. The place vectors can
be decomposed as a linear superposition of the respective basis vectors.
If the obtained coefficients α, β and γ for the first basis and α′, β′ and
γ′ for the second basis are all positive, it is sufficient to conclude that P
lies inside the considered tetrahedron. In that case the twist φP and tilt
θP in P are approximated by a linear combination of the tilt and twist
in the tetrahedron corners.
φP = φA + α (φB − φA) + β (φC − φA) + γ (φD − φA) (5.4a)
θP = θA + α (θB − θA) + β (θC − θA) + γ (θD − θA) (5.4b)
b) Diffraction orders on a rectangular and a hexagonal lattice
Although the device exhibits a hexagonal lattice, the optical calcula-
tions are executed on rectangular period. The directions of the diffrac-
tion orders in air are given by their wave vector. The components of
the wave vector in the xy-plane are given by the Bloch-Floquet the-
orem [4]: kxy,mn = mKx + nKy with |Kx| = 2pi/Λx, |Ky| = 2pi/Λy and
m, n = 0, ±1, ±2, . . . The loci of the vectors kxy,mn are represented in the
xy-plane on Figure 5.20. The zero diffraction order (m = n = 0) corre-
sponds with the large filled circle in the center.
Due to the symmetry in the rectangular period (Figure 5.2) and the
existence of a smaller hexagonal unit cell, lots of diffraction orders van-
ish. The hexagonal lattice is determined by the periodicity of the di-
rector distribution. Note that this periodicity is determined by the dis-
tance Λh = Λx/2 =
√
3a + b between the center of two neighboring
hexagonal electrodes in the xy-plane. The appearing diffraction orders
can be found by using the wave vectors of the hexagonal lattice Kh,x
and Kh,xy, respectively parallel to and at an angle of 60
◦ with the x-
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Figure 5.20: Wave vectors of the diffraction orders used in the optical
calculations of the Rigorous Coupled WaveMethod (all circles) and the
diffraction orders of the hexagonal lattice (only the filled circles), rep-
resented in the xy-plane.
axis as indicated in Figure 5.18 and with |Kh,x| = |Kh,xy| = 2pi/Λh. The
non-disappearing diffraction orders are located at Kh = mKh,x + nKh,xy
with m, n = 0, ±1, ±2, . . . and are indicated with the filled circles in
Figure 5.20.
The angle between the propagation direction of the zero order
diffraction (parallel to the z-axis) and the propagation direction of the
first appearing order of the hexagonal lattice in air is 5.8◦ for the elec-
trode dimensions a = 3 µm and b = 5 µm used in the previous sections.
In the optical simulations, the results of the Rigorous Coupled
Wave Method will be compared with those of the simplified optical
simulation algorithm based on the Jones Matrix Method. The number
of diffraction orders used in the optical calculations using the Rigor-
ous Coupled Wave Method for the x and y-direction is respectively
5 and 10, which corresponds with all 231 orders represented in Fig-
ure 5.20. Additional calculations have shown that an increased number
of diffraction orders does not change the result.
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c) Transmissive and reflective mode
The goal of the device is to act as a wave plate. In principle, it can
be used in transmission as well as in reflection. Therefore, the optical
transmission of the layer placed between crossed polarizers as well as
the reflection with a single polarizer on top are examined. The trans-
missive mode, represented in Figure 5.21(a), is discussed first. The aim
is to give an idea of the influence of the inhomogeneity of the liquid
crystal layer on the optical properties. Afterward the reflective mode
as represented in Figure 5.21(b) is treated.
(a)Transmissive mode (b) Reflective mode
Liquid crystal layer
Dielectric layer
Reflector
Polarizer
Analyzer
Incident
Transmitted
Incident Reflected
Figure 5.21: Different layers in the optical simulations of the reconfig-
urable wave plate. (a) transmissive mode, (b) reflective mode.
x
y
z
öav
öd
öp
öa
Transmission axis of the polarizer
Azimuthal direction of the a horizontal electric field Eavverage
Average twist angle of the directorliquid crystal
Transmission axis of the analyzer
Figure 5.22: Definition of the different azimuthal angles φd, φav, φp and
φa used during the optical simulations.
During the optical calculations, different azimuthal directions will
be important. Therefore, the occurring angles are briefly recapitulated
and indicated on Figure 5.22:
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– φav is the azimuthal angle of the average horizontal electric field
Eav (Figure 5.3). In the driving configurations C1, C2 and C3, the
angle φav is respectively equal to 90◦, 30◦ and 150◦.
– The average twist angle φd is the mean value of the director twist
angle in the liquid crystal layer and indicates the azimuthal ori-
entation of the average director. Ideally, after applying a driving
configuration for a sufficiently long time, φd should become equal
to φav.
– φp is the azimuthal angle of the polarizer transmission axis.
– In case a second polarizer is used, φa indicates the azimuthal an-
gle of the transmission axis of the analyzer.
5.4.2 Transmissive mode
For the optical calculations in the transmissive mode, the electrodes are
assumed to be transparent. The reconfigurable wave plate is positioned
between crossed polarizers as illustrated in Figure 5.21(a). The orienta-
tion of the crossed polarizers in the calculations will be indicated by the
azimuthal angle of the polarizer transmission axis φp. The orientation
of the analyzer φa is then assumed φp + 90◦. The unpolarized incident
light, with a wavelength λ of 632 nm, is normally incident on the top of
the liquid crystal layer. The isotropic layers, such as the dielectric layer
and glass substrates are not taken into account during the calculations.
To avoid the influence of interference and reflection in the polar-
izers, the polarizers are idealized in the calculations. In the Rigorous
Coupled Wave Method, ideal polarizers are handled as a birefringent
layer with complex refractive indices no = 1.0 and ne = 1.0 − i 1.5 10−3
and thickness 1mm. Since no ≈ ne ≈ 1, interference and reflection at the
polarizers surfaces are negligible. The large thickness of the polarizer
layer d/λ in combination with the small imaginary part of the refractive
index ne ensures a complete absorption of the extra-ordinary wave.
a) Transmission through the wave plate between crossed polarizers
In Figure 5.23, the transmission is plotted as a function of the polarizer
orientation φp for the director distributions illustrated in Figure 5.6 at
time steps t0, t1, t2 and t3 with 5 V applied. The optical calculations are
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performed using the Rigorous Coupled Wave Method. The transmis-
sion is given relative to the intensity of the incident unpolarized light.
Figure 5.23: Transmission through the reconfigurable wave plate be-
tween crossed polarizers as a function of the polarizer orientation φp.
calculated with the Rigorous Coupled Wave Method at tn = n 250 ms
with n = 0, 1, 2, 3 in Figures 5.6 and 5.16 with 5 V applied.
The zero order transmission as well as the ideal transmission are
plotted. The ideal transmission assumes a homogeneous birefringent
layer, with the uniaxial axis horizontal at the azimuthal direction φav =
90◦, 30◦ and 150◦ for respectively driving configuration C1, C2 and C3.
The plots of the ideal transmission are sinusoidal and the different driv-
ing configurations are indicated by C1, C2 or C3 at the polarizer orien-
tations where their transmission should reach a maximum.
The incident light is unpolarized, therefore 50 % of the intensity
is absorbed at the polarizer. The retardation of the homogeneous liq-
uid crystal layer is approximately 3λ/4, if the polarizer orientation φp
makes an angle of 45◦ with the uniaxial axis at φav, the linear polar-
ization is transformed into circularly polarized light and half of the re-
maining intensity is absorbed in the analyzer. This leaves a maximum
transmission of 25 %. The ideal plots in Figure 5.23 reach a maximum
transmission of approximately 23 %. The remaining difference of 2 %
is due to the Fresnel reflections, calculated by equation (3.10), at the
interfaces between the air and the liquid crystal.
The zero order transmission corresponds with the sum of the in-
tensity of the modes that propagate further along the surface normal.
The plots for the zero order transmission are also sinusoidal as a func-
tion of φp. The curve at t0 follows closely the ideal plot, while the oth-
ers are shifted about 9◦ to the right compared to the plots of the ideal
transmission. The deviation of the polarizer orientationwithmaximum
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transmission for the curves at t1, t2 and t3 rises from the rotation pro-
cess of the director. When switching to another driving configuration,
the average director φd should make a clockwise rotation of 60
◦. For
the sinusoidal transmission curves of Figure 5.23, this implies a shift
of 60◦ toward the negative x-axis. At t1, t2 and t3, the reorientation of
the director to the driving configuration did not yet reach the desired
orientation, as was previously shown in Figure 5.16. Only at t0, the
average director twist φd is equal to the desired value φav = 90
◦. The
average director twist φd at t1 = 500 ms for the 5 V plot in Figure 5.16 is
39◦, thus still 9◦ above the desired value φav of 30◦ in driving configu-
ration C2. The value of φd at t1 = 500 ms corresponds with the location
of the first minimum of the transmission at φp = 39◦ of the plot for t1
in Figure 5.23. This indicates that for the zero order transmission, the
reconfigurable wave plate acts as a homogeneous wave plate with the
uniaxial axis oriented along the average director twist angle φd.
For further optical calculations, a director simulation is used in
which the three different driving configurations are applied during a
longer time, to ensure an equilibrium state for the director with the av-
erage twist angle φd along the desired direction φav. The transmission
obtained for the three driving configurations in the equilibrium state
with applied voltages of 5 and 10 V are plotted in Figure 5.24 together
with the ideal transmission as a function of the polarizer orientation
φp. In this new plot, the positions of the minima and maxima coin-
cide. All further optical calculations will use the equilibrium director
distributions, unless specified otherwise.
The transmission as a function of the polarizer orientation φp in
Figure 5.24 is calculated for both the Rigorous Coupled Wave Method
and the Jones Matrix Method. Comparison of both shows a very good
agreement between the two algorithms. It seems strange that the ideal
transmission for both methods is not identical, but this small deviation
comes from neglecting internal Fresnel reflections in the Jones Matrix
Method.
The plotted results look very promising. In the three driving con-
figurations, the reconfigurable wave plate acts as a homogeneous layer
between crossed polarizers. For each of the three driving configura-
tions, the zero order transmission is a sinusoidal function of φp. The
maxima for the three driving configurations are located at the expected
locations, 60◦ apart. In between, total extinction is obtained for the zero
order transmission if the average director twist φd is oriented parallel
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(a) Calculated with the Rigorous Coupled Wave Method
(b) Calculated with the Jones Matrix Method
Figure 5.24: The zero order transmission through the reconfigurable
wave plate positioned between crossed polarizers, as a function of the
polarizer orientation φp in the three different driving configurations.
or perpendicular to φp.
The plots for 5 V follow almost exactly the ideal curve, while the
plots for 10 V have a slightly lower transmission. The reduced trans-
mission for 10 V is caused by diffraction. The influence of diffraction
is investigated for driving configuration C2 in Figures 5.25 and 5.26.
The result for the other driving configurations is similar and therefore
omitted for the clearness of the graph.
The four curves show the ideal transmission, the zero order trans-
mission, the total transmission and the overall intensity of all non-zero
diffraction orders as a function of the polarizer orientation φp. The total
transmission is the sum of the intensity of all diffraction orders, includ-
ing those responsible for the zero order transmission. The overall in-
tensity of all non-zero diffraction orders is calculated as the difference
between the total and the zero order transmission.
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(a) Calculated with the Rigorous Coupled Wave Method
(b) Calculated with the Jones Matrix Method
Figure 5.25: Transmission through the reconfigurable wave plate posi-
tioned between crossed polarizers as a function of the polarizer orien-
tation φp for driving configuration C2 and an applied voltage of 5 V.
While the zero order transmission reaches full extinction when the
polarizer transmission axis is oriented parallel or perpendicular to the
average twistφd, the total transmission still has some light leakage from
the non-zero diffraction orders. This is inevitable since the director is
not perfectly along the desired orientation. Due to the limited variation
of the liquid crystal director in the layer, the total intensity of all non-
zero diffraction orders stays below 2.5 % for an applied voltage of 5 V.
With 10 V applied as in Figure 5.26, the influence of diffraction is
certainly not negligible. The total intensity of the diffraction orders
varies from 5 to 10 %. Though, extinction is still obtained at the polar-
izer orientations parallel and perpendicular to the average twist. Thus
for the zero order transmission, the layer still behaves as a homoge-
neous birefringent layer.
A last important thing to note is that although the layer is not ho-
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(a) Calculated with the Rigorous Coupled Wave Method
(b) Calculated with the Jones Matrix Method
Figure 5.26: Transmission through the reconfigurable wave plate posi-
tioned between crossed polarizers as a function of the polarizer orien-
tation φp for driving configuration C2 and an applied voltage of 10 V.
mogeneous and diffraction is important, the results of the Jones Matrix
Method and the Rigorous CoupledWaveMethod agree very well when
applying 10 V. Not only, the plot for the average corresponds very well,
but also the other curves. This again shows the usefulness of the simpli-
fied optical transmission algorithm based on the Jones Matrix Method.
b) Influence of the applied voltage
In a homogeneous birefringent layer, an increasing tilt angle causes a
decrease of the retardation for normally incident light. For the homo-
geneous liquid crystal layer in the simulations above, the retardation is
about 3λ/4. A decrease in retardation would mean changing toward a
half wave plate and thus, for the polarizer transmission axis oriented at
an angle of 45◦ with the director, the transmission increases.
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It was shown in the previous section that for the zero order trans-
mission, the inhomogeneous liquid crystal of the reconfigurable wave
plate behaves as a homogeneous layer with the director horizontally
along the average twist. Higher voltages applied to the reconfigurable
wave plate diminish the homogeneity of the liquid crystal layer by cre-
ating regions with larger tilt angles. Therefore, it is expected that the
retardation experienced by the zero order transmission would decrease
with increasing voltage and consequently the maximum of the zero or-
der transmission should increase.
Figure 5.27: The zero order transmission through the reconfigurable
wave plate positioned between crossed polarizers, calculated with the
Rigorous Coupled Wave Method as a function of the polarizer orienta-
tion φp for driving configuration C2 with applied voltages of 5, 10, 15
and 20 V.
This is in contradiction with the results of the simulated zero order
transmission in Figure 5.27. The zero order transmission is plotted as
a function of the polarizer orientation φp for applied voltages varying
from 5 to 20 V in driving configuration C2. For the polarizer orienta-
tion φp at 45◦ with the average twist angle φd, the zero order trans-
mission decreases for increasing voltages. The inhomogeneity of the
director distribution increases the amount of light that is coupled into
the diffraction orders as was already shown in Figures 5.25 and 5.26.
To show that nevertheless the device acts as a homogeneous bire-
fringent layer with a reduced retardation, the polarization state of the
transmitted light is studied in case the analyzer is removed. Figure 5.28
shows the polarization state of the transmitted zero order diffraction
on the Poincare´ sphere, as a function of the azimuthal angle φd of the
incident linear polarization for driving configuration C2. Linear polar-
izations parallel to the x and y-axis are indicated on the Poincare´ sphere
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with respectively H and V. The right and left-handed circular polariza-
tions located in the poles are indicated with R and L.
Figure 5.28: The polarization state of the zero order transmission as
a function of the polarizer orientation φp represented on the Poincare´
sphere, calculated with the Rigorous Coupled WaveMethod with driv-
ing configuration C2 for the ideal case (solid) and the applied voltages
5, 10, 15 and 20 V (dashed).
For a homogeneous liquid crystal the curve, plotted as a full line,
describes a circle on the sphere. The circle starts on the equator in
the point indicated with 30◦, which corresponds with a linear incident
polarization parallel the liquid crystal director (ψ = φp = φd = 30
◦,
χ = 0◦). For this polarization and for the one orthogonal to it (120◦), the
linear incident polarization is unchanged after propagation through the
layer and the polarization is indicated by a pointer on the equator. For
polarizer orientations φp at ±45◦ with the director, the linear polariza-
tion is transformed into almost circularly polarized light and the curve
approaches the poles as expected for a retardation of about 3λ/4.
For a reconfigurable wave plate with an inhomogeneous director
distribution, the plots (dashed lines) also describe large circles on the
sphere. For the incident linear polarizations parallel and perpendicu-
lar to the average director, the linear polarization remains unchanged
after propagation through the layer. This results in an intersection of
all curves on the equator in the points 30◦ and 120◦ and shows that for
the zero order transmission, the layer acts indeed as a homogeneous
birefringent plate.
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With increasing voltages, the highest point of the circle descends
toward the equator. Thus, the effective retardation, which is the retar-
dation experienced by the zero order transmission, decreases. For a
retardation of λ/2, the curve would coincide with the equator.
Figure 5.29: Effective retardation of the reconfigurable wave plate as
a function of the applied voltage, normalized in wavelengths for λ =
632 nm.
Figure 5.29 shows the calculated effective retardation normalized
to the used wavelength as a function of the applied voltage. Initially,
the retardation is about 3λ/4. For increasing voltages, it decreases and
saturates at about 0.7λ. For voltages higher than 20 V, the director dis-
tribution does not change further with the applied voltage and the ef-
fective retardation remains the same.
If the reconfigurable wave plate is used to transform the incident
polarization, the applied voltage can be used to tune the effective re-
tardation of the layer. The range over which the incident polarization
can be tuned depends on the thickness of the layer and the spacing of
the hexagonal electrodes. Drawback is however that at high voltages,
more light is lost due to diffraction.
c) Transmission as a function of time
In section 5.3, the director distribution was calculated as a function of
time when the sequence of driving configurations C1 − C2 − C3 − C1 −
C2 − C3 − C1 was applied, each step during 250 ms starting from an
initial director orientation along the y-axis. In Figure 5.30, the trans-
mission as a function of time is plotted for the resulting director distri-
butions as a full line for an applied voltage 5 V and as a dashed line
for 10 V, calculated with the Rigorous Coupled Wave Method. The re-
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configurable wave plate is positioned between crossed polarizers with
fixed transmission axes along the x and y-axis. To illustrate that the
reconfigurable wave plate really acts as a homogeneous layer for the
zero order transmission, two plots are added (indicated with symbols)
which are calculated with a homogeneous anisotropic layer oriented
along the average twist φd which is plotted in Figure 5.30.
Although during the switching from one driving configuration to
the next the liquid crystal layer is very inhomogeneous, the plots cal-
culated with the average twist follow closely those calculated with the
actual director distribution. The plots also confirm that the switching
time for an applied voltage of 5 V is larger than 250 ms, while for 10 V
switching is practically completed at 250 ms.
Figure 5.30: The zero order transmission as a function of time for 5 and
10 V when applying the sequence of driving configurations C1 − C2 −
C3 − C1 − C2 − C3 − C1, each for 250 ms and starting with the director
aligned along the y-direction. The layer is positioned between crossed
polarizers along the x and y-direction. Calculated with the Rigorous
Coupled Wave Method using the simulated director distribution as a
function of time (lines) or the average twist as a function of time (lines
with symbols).
The overall conclusion of the optical transmission simulations is
that the device works as expected in transmissive mode, but care
should be taken to avoid light coupling in the diffraction orders. There-
fore it is better to use high voltages to rotate the device quickly to the
desired driving configuration. Afterward, the applied voltage can be
lowered to homogenize the layer.
On the other hand, if an efficient way is found to filter out the un-
wanted diffraction orders (with a diaphragm for example) and if the
zero order transmission continues to function as that of a homogeneous
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layer, varying the applied voltage for a given driving configuration can
be used to fine tune the retardation of the layer.
5.4.3 Reflective mode
When working in reflective mode, the simulated stack is different as il-
lustrated in Figure 5.21(b). The analyzer is removed and the electrodes
are represented by a reflector at the bottom. In the actual device, light
that is incident in the area between the hexagonal electrodes will reflect
at the lower interconnection electrodes. This is neglected in the calcu-
lations by assuming a homogeneous reflector in the xy-plane covering
the whole surface. In the algorithm based on the JonesMatrix Method a
perfect mirror, which reflects all light without absorption, is used as re-
flector. In the Rigorous Coupled Wave Method, a homogeneous metal
layer with a thickness of 100 nm and the refractive index of titanium
nti = 2.59 − i 3.56 is used as reflector.
The dielectric layer between the electrodes and the liquid crystal is
no longer negligible in reflective mode because of multiple reflections
and interference in the transparent dielectric layer. The inserted layer
has a thickness of 1.3 µm as in the simulated device above and a re-
fractive index nd = 1.6. The normally incident light is again assumed
unpolarized, with a wavelength of 632 nm.
a) Improvement of the Jones Matrix Method algorithm
Before investigating the reflection at the reconfigurable wave plate, a
closer look is taken at the ideal reflectionwhen the director is uniformly
oriented along the orientationφd = 30
◦ of driving configurationC2. The
reflection of the total device as a function of the polarizer orientation
φp is plotted in Figure 5.31 for the Jones Matrix Method (JMM original)
and the Rigorous Coupled Wave Method (RCWM).
The total retardation in reflection is approximately one and a half
wavelength. A polarizer orientation parallel and perpendicular to the
director (φp = φd or φp = φd + 90
◦) should give a reflection of 50 %. For
φp = φd ± 45◦, the reflection should be almost zero.
Although the simulated device is a simple stack of one-dimensional
layers, the two methods give quite different results. The Jones Matrix
Method gives a result as expected. Themaximum of 50 % is not reached
due to losses by Fresnel reflections at the interface. The results of the
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Figure 5.31: Reflection at an ideal wave plate (homogeneous liquid
crystal layer) as a function of the polarizer orientation φp for driving
configuration C2 with φd = 30◦.
Rigorous Coupled Wave Method on the other hand, looks completely
different. First of all, the maximum reflection is much lower than the
ideal 50 % and the polarizer orientations parallel (φp = 30◦) or perpen-
dicular (φp = 120◦) to the director give a slightly different reflection.
Secondly, at a polarizer angle of 45◦ with the director, the Jones Matrix
Method reaches almost complete extinction as expected, whereas the
Rigorous Coupled Wave Method still has a reflection of 6 %.
The differences between both calculations arise from approxima-
tions used in the Jones Matrix Method. Therefore, some modifications
must be made to the Jones Matrix Method algorithm to obtain a correct
result when working in reflection:
– An ideal reflector has a reflectivity of 100 %. Themetallic reflector
with complex refractive index nti absorbs partly the incident light.
Therefore, the correct reflection should be approximated with the
Fresnel reflection coefficient [49]
r =
nti − nd
nti + nd
. (5.5)
Since |r|2 ≈ 45 %, this results in a lowered maximum reflection.
– The Fresnel reflections at the interfaces between the liquid crys-
tal and the polarizer are pure losses when working in transmis-
sive mode. In reflective mode, the reflection of the incident plane
wave at the interface propagates back in the same direction as
the light that is reflected at the reflector and should therefore be
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added to the result. The undesired reflected wave can be calcu-
lated from the continuity of the tangential component of the elec-
tric field at the interface
Ei + Er = Et. (5.6)
The intensity of Er is approximately 5 % of the intensity of the
incident light and will cause a non-zero reflection at the polarizer
orientations φp of 75◦ and 165◦.
– When a plane wave is incident on a birefringent medium from air,
the ordinary and extra-ordinary wave sense a different refractive
index. Therefore, the Fresnel transmission coefficients should be
calculated separately for the ordinary and extra-ordinary wave.
This leads to the following Jones matrix representation of the in-
sertion losses
Tin = R
(
−φ
) [ 2
1+neff
0
0 21+no
]
R
(
φ
)
, (5.7a)
Tout = R
(
−φ
) 
2neff
1+neff
0
0 2no1+no
 R (φ) , (5.7b)
which replace the Fresnel transmission coefficients (3.10) in the
Jones matrix representation of equation (3.9). The angle φ is the
local director twist at the interface. The result of this adaption is a
small difference between the reflection for a polarizer orientation
parallel or perpendicular to the director.
The result of the improvements is plotted in the curve ”JMM
Improved”. The comparison between the Rigorous Coupled Wave
Method and the Improved Jones Matrix Method in Figure 5.31 is much
better. The maximum reflection is of the same magnitude and total
extinction is never obtained.
The effect of the dielectric layer can only be seen in the Rigorous
Coupled Wave Method. Varying the thickness of the layer changes the
magnitude of the maximum reflection due to interference. In the Jones
Matrix Method, the backward reflection at the interface is added inco-
herently. Therefore, the thickness of the dielectric layer has no influence
there.
From this simple example it is clear that the behavior of the recon-
figurable wave plate in reflective mode is subjected to effects which in-
fluence its functionality. In order to obtain a larger contrast, additional
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effort should be made to optimize the design. The main objectives for
dealing with those difficulties would be anti-reflection coatings and an
improved reflectivity at the reflector.
b) Reflection at the reconfigurable wave plate
Figure 5.32 shows the zero order reflection in the three driving config-
urations for an applied voltage of 5 and 10 V. The result for 5 V agree
well with the ideal curves. A closer look at the plots for 10 V shows that
(a) Calculated with the Rigorous Coupled Wave Method
(b) Calculated with the Improved Jones Matrix Method
Figure 5.32: The zero order reflection at the reconfigurable wave as a
function of the polarizer orientation φp in the three different driving
configurations.
there is a large intensity difference between the polarizer orientation φp
parallel or perpendicular to the average director φd. With the polarizer
perpendicular to the director, the curve follows the ideal curve. Ori-
ented parallel to the director, the maximum reflection is 15 % lower.
The results of the Improved Jones Matrix Method show the same be-
havior.
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(a) Calculated with the Rigorous Coupled Wave Method
(b) Calculated with the Improved Jones Matrix Method
Figure 5.33: Reflection at the reconfigurable wave as a function of the
polarizer orientation φp for driving configuration C2 with an applied
voltage of 5 V.
Figure 5.33 shows the reflection in more detail for driving config-
uration C2 and an applied voltage of 5 V. Because of reflections and
absorption at the reflector, the obtained contrast ratio of the zero or-
der reflection is much lower as explained in the previous section. As
in the transmissive mode, the effect of diffraction is negligible with a
contribution below 2 %.
Comparison of the Improved Jones Matrix Method and the Rigor-
ous CoupledWave Method shows that the overall resemblance is good,
but less good than in the transmissive mode. This is to be expected
since the total layer thickness in reflection of 6.8 µm, is no longer small
compared to the wavelength and therefore, the influence of diffraction
is more important. Although the intensity of the diffraction orders is
lower than 2 %, the curves for the Improved Jones Matrix Method and
the Rigorous Coupled Wave Method are already different.
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In Figure 5.34, the reflection for an applied voltage of 10 V is de-
tailed. The first striking observation is the large difference in reflec-
tion between the polarizer orientations parallel and perpendicular to
the average director. To understand how this is possible, the director
distribution must be studied more closely. 10 V is a rather high volt-
age. Therefore, the twist angle φ is almost homogeneous and equal to
the average twist φd = 30
◦. The tilt angle θ on the other hand, reaches
values as high as 60◦ in certain regions and the tilt angle of the liquid
crystal layer is thus very inhomogeneous.
A plane wave with a linear polarization parallel to the average twist
will excite the extra-ordinary wave in the liquid crystal. Because of the
inhomogeneity of the tilt angle, the effective refractive index experi-
enced by the extra-ordinary wave and the resulting phase of the exit-
ing beam is inhomogeneous. Therefore, the extra-ordinary wave will
be subject to diffraction and a lot of light is coupled into the diffraction
orders. This is visible in Figure 5.34 at a polarizer orientation φp of 30◦.
A plane wave with the incident linear polarization perpendicular to
the average twist, will excite mainly the ordinary wave. The ordinary
wave experiences the ordinary refractive index, which is independent
of the director tilt angle. Because of the homogeneity of the director
twist angle, the ordinarywave is not subject to diffraction and only very
little light is coupled into the non-zero diffraction orders. This is visible
in Figure 5.34 at a polarizer orientation φp of 120◦. The zero order re-
flection reaches a high maximum, while the intensity of the diffraction
orders stays below 2 %.
In transmissive mode the intensity of the diffraction orders was also
about 10 %, but the zero order transmission still behaved as expected.
In reflective mode, the non-homogeneity of the liquid crystal layer has
a strong influence on the zero order reflectivity. Therefore, when us-
ing high voltages for fast switching of the device, the applied voltage
should be lowered afterward in order to homogenize the liquid crystal
layer.
5.5 Experiments
5.5.1 Production process of the reconfigurable wave plate
The realization of the reconfigurable wave plate was carried out in col-
laboration with partners of the European Research Training Network
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(a) Calculated with the Rigorous Coupled Wave Method
(b) Calculated with the Improved Jones Matrix Method
Figure 5.34: Reflection at the reconfigurable wave as a function of the
polarizer orientation φp for driving configuration C2 with an applied
voltage of 10 V.
SAMPA and the Belgian IAP V/18 Photon-Network. Due to the long
time cycle for the realization of a cell, the design of the cell was made
before the results of the simulations was known. Therefore, the realized
device is not completely optimized.
a) Device design
A scheme of the device design is given in Figure 5.35. The design con-
tains 25 cells on a 3 × 3 inch substrate. The individual cells measure
12 × 12 mm. Each cell has 5 contact pads at the side and a square
area of 4 × 4 mm in the center containing the hexagonal electrode pads
(Figure 5.35(b)). Four contacts are used to address the four sets of in-
terconnected hexagonal electrodes, the fifth applies its potential to the
electrode surrounding the square area in the center. In the different
cells, the spacing b between the electrodes and the side length a of the
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hexagonal electrodes is varied. The dimension of the hexagons and the
spacing are specified as a/b at the top of each cell.
(a) The whole design (b) One individual cell (c) Detail of the square
with 25 cells with 5 contacts area in the center
Figure 5.35: Scheme of the device design. (a) The whole design on a
3 × 3 inch substrate with 25 individual cells, (b) One 12 × 12 mm cell
of the design with 5 contact pads at the side and a square are in the
center containing the hexagonal electrodes, (c) a 31×31 µmdetail of the
square area with indication of the interconnection level (light gray), the
vias (black) and the hexagonal electrodes with a = 3 µm and b = 5 µm
(dark gray).
Figure 5.35(c) shows the hexagonal electrode pads, the vias and the
interconnection electrodes of the cell with a = 3 µm and b = 5 µm. In
the design phase is decided to cover most of the bottom glass substrate
with the interconnection electrodes (light gray), to obtain a top surface
which is as much as possible flat. The interconnection electrodes are
long parallel lines with one flat edge and one sawtooth, so that the via
(black) can be placed in the center of each hexagon (dark gray).
b) Device processing
The device with the different layers as described in Figures 5.1 and
5.35 requires four different masks to create the patterns in the differ-
ent layers on the bottom substrate. The masks are designed and pro-
duced in collaboration with Koen D’have´ in the framework of SAMPA
at Chalmers University of Technology (Go¨teborg, Sweden).
The processing of the substrates was carried out in the Elintec clean
room of Universiteit Gent in Zwijnaarde by Steven Verstuyft and Dries
Van Thourhout of Intec (members of the IAP Photon-network). The
production process of the substrates consists of the following steps:
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– In the first step of the process, the interconnection electrodes are
defined on the glass substrates.
A homogeneous layer of titanium with a thickness of 100 nm
is sputtered on the glass substrate. By photolithography using
a first mask, the interconnection electrodes are defined. After-
ward, the metal in the regions between the defined electrodes is
removed by dry etching.
– In the second step, the dielectric layer between the interconnec-
tion electrodes and the hexagonal electrodes is formed, which
holds the vias that allow to interconnect the two electrode layers
in the device.
A homogeneous layer of the polymer BCB with a thickness of ap-
proximately 0.8 µm is deposited by spin coating Dow Cyclotene
3022-35 on the substrate. The location of the vias is defined on
the dielectric layer by a photolithography process with a second
mask. Afterward, the holes for the vias are created in the dielec-
tric layer by dry etching.
– In step three, the top electrode layer is formed on the bottom di-
electric layer.
In this step, the whole substrate surface is covered by a second
layer of titanium with a thickness of 100 nm by sputtering. The
holes in the bottom dielectric layer, that were created in the pre-
vious step, are filled with the metal during the sputtering pro-
cess. This provides the required interconnections between the top
and bottom metal layer. In a subsequent photolithography step,
a third mask is used to define the location of the hexagonal elec-
trode pads and the cell contacts. The metal between the defined
electrodes is removed by dry etching.
– In the last step of the process, the top dielectric layer above the
hexagonal electrodes is deposited.
A second layer of BCB with a thickness of 1 µm is deposited ho-
mogeneously on the substrate by spin coating Dow Cyclotene
3022-35. After photolithography using a fourth mask, the poly-
mer is removed from the cell contacts by dry etching.
A picture of the produced substrate and a detailed microscope pic-
ture of one of the hexagonal pixels is shown in Figure 5.36. The mask
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used for producing the hexagonal electrodes was slightly misaligned
during the manufacturing process. This explains the eccentric location
of the vias in the hexagons visible in Figure 5.36(b).
(a) Substrate with 25 cells (b) Detailed microscope picture
Figure 5.36: Picture of the substrate produced by Intec. (a) the whole
3 × 3 inch substrate with 25 cells, (b) a detailed microscope picture of
the hexagonal electrodes (image size 73 × 68 µm), the interconnection
electrodes and the vias in a cell with a = 3 µm and b = 5 µm
For the dielectric layers it was decided to work with the polymer
BCB. The main reason is that BCB is deposited by spin coating, which
simplifies and speeds up the production process. BCB has a low di-
electric constant εd of approximately 2.5 and a refractive index nd of
1.561 (Dow Chemical Company). The low dielectric constant εd is in
fact a drawback for our device, since it reduces the strength of the elec-
tric field in the liquid crystal layer. To compensate for the low εd, the
thickness d0 of the top dielectric is reduced to 1 µm. An additional ad-
vantage of a spin coated polymer instead of an evaporated dielectric
oxide is that it planarizes the top surface, yielding a flat top surface.
After production, the 3 × 3 inch glass substrate is cut into the in-
dividual cells by scratching a line between the individual cells with a
diamond needle and breaking it afterward. The cells and the counter
glass substrates are covered with the surfactant FC4430 by dip coating
and finally both substrates are glued together using Norland Optical
Adhesive NOA-68. To ensure a constant distance of 2.1 µm between
the top and bottom substrate, spherical glass spacers with a diameter
2.1 µm of are added to the glue. Figure 5.37 shows a completed cell
after wiring the contacts. The substrate with the electrodes is smaller
than a paper clip, for ease of handling a larger counter glass substrate
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Figure 5.37: Picture of a finished hexagon cell. A 1 inch glass substrate
is used as counter substrate and four wires are soldered to the contact
pads.
is used (1 × 1 inch).
5.5.2 Measurements
In the experiments, it is not easy to verify the results of the optical sim-
ulations. The metal electrodes force us to use the wave plate in reflec-
tive mode. As illustrated in Figure 5.31, the main problem in reflective
mode is to obtain a large contrast. The maximum reflection is achieved
with the director along the polarizer axes and is limited by the intensity
of the incident light. The minimum reflection depends on the retarda-
tion and the reflected light at the interfaces.
Narrow band color filters which fit in our microscope for measur-
ing in reflective modewere not available. Therefore, the complete spec-
trum of the lamp must be used in the experiments. The incident light
on the liquid crystal layer is linearly polarized. When the director is
oriented at 45◦ with the polarizer (φd = φp + 45◦), only for the wave-
lengths for which the total retardation in reflection is λ/2 + nλ (with
n = 1, 2, . . .) the linear polarization is rotated over 90◦ and the light
is absorbed when propagating backward through the polarizer. For all
other wavelengths, the reflectedwave is elliptically polarized and leaks
partially through the polarizer. Therefore, the obtained contrast is very
low.
The lack of monochromatic light and the resulting low contrast,
make it impossible to verify the optical simulation results of section 5.4
directly. In a microscope however, the polarizer for the incident and
reflected light are separated, as represented in Figure 5.38. Therefore,
crossed polarizers can be used which gives two major advantages:
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Figure 5.38: Simplified outline of a polarizing microscope used in re-
flective mode.
– The insertion losses at the interfaces have no influence when us-
ing crossed polarizers because they are absorbed by the analyzer.
– In reflective mode with crossed polarizers a dark state is easy to
achieve. If the director is homogeneous and parallel to one of the
polarizer axes, the linear polarization of the incident light is pre-
served and absorbed by the analyzer, independent of the wave-
length.
With this setup, a good contrast can be obtained after all and this en-
ables the demonstration of the working principle of the reconfigurable
wave plate.
The hexagonal electrode pads in the tested cell have a side length a
of 5 µm and the spacing b is 3 µm. The thickness of the BCB dielectric
layer d0 is 1 µm and the thickness d of the liquid crystal layer is 2.1 µm.
The liquid crystal material used is E7. Both the top and bottom surface
in direct contact with the liquid crystal are covered with the surfactant
FC4430 to have a weak azimuthal anchoring, essential for unhindered
horizontal rotation of the director.
a) Distinguishing the three different driving configurations
A first step in the experiments is to distinguish the three driving con-
figurations and their corresponding average director orientation. One
of the three directions is easy to find. From Figure 5.36(b) it can be seen
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that for one driving configuration, the average director is oriented per-
pendicular to the sawtooth interconnection electrodes (φd = 90
◦). If the
rows of hexagonal electrodes at equal potential are parallel to the long
interconnection electrodes and to one of the polarizer axes, the reflec-
tion should be low. This driving configuration will be referred to as
C1. The other two driving configurations, C2 and C3, have an average
director twist φd of respectively 30
◦ and 150◦. Therefore, they should
give a similar reflection image.
(a) Driving config. C1 (b) Driving config. C2 (c) Driving config. C3
Figure 5.39: Pictures of the three driving configurations applied to the
reconfigurable wave plate, with crossed polarizers parallel to the pic-
ture edges. The applied voltage is a 10 V/120 Hz square wave and the
white arrow indicates the direction of the average electric field in the
respective driving configurations. Image dimension 45 µm × 50 µm.
This is confirmed by the microscope observations in Figure 5.39.
For these pictures, the sawtooth interconnection electrodes are oriented
parallel to the horizontal edge of the picture. The transmission axes of
the crossed polarizers of themicroscope are oriented parallel to the hor-
izontal and vertical edges of the pictures (φp = 0◦ and φa = 90◦). The
waveform applied over the rows of hexagonal electrodes is a 120 Hz
square wave with 10 V amplitude. As expected, one driving configura-
tion (corresponding to C1 with the average director vertically) gives a
dark image, while the other two have a similar transmission. The white
arrow in each picture indicates the average orientation of the director
φd in the respective driving configuration.
C2 and C3 can be distinguished by the orientation of the colored line
above the hexagonal electrodes. This line arises from a fast change of
the director orientation at this location. The electric field at both sides
of the equipotential mirror plane in the liquid crystal is tilted in differ-
ent directions as illustrated in Figure 5.40 for driving configuration C1.
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Figure 5.40: Origin of the colored line observed through a microscope
above the hexagonal electrodes for driving configuration C1 with the
average electric field along the y-axis. (a) the horizontal electric fields
in the liquid crystal layer above a hexagonal electrode, (b) the fields
parallel to yz-plane in the liquid crystal layer.
This results in a rather sharp change of the director tilt angle along the
y-direction. The change in retardation induced by the tilt angle varia-
tion is visible with the microscope as a colored line (indicated in gray
in Figure 5.40). The orientation of the line is perpendicular to the aver-
age electric field and is therefore an indication for the applied driving
configuration.
b) Control of the average director alignment
By now, the three driving configurations and their average director are
known. It is now possible to check whether the director is really on av-
erage oriented along the presumed directions indicated in Figure 5.39.
Rotating the reconfigurable wave plate while keeping the polarizer ori-
entations the same, should give a dark image each time one of the av-
erage director orientations is along the polarizer axes.
In Figure 5.41, this is verified. The three columns correspond the
three driving configurations C1, C2 and C3. The middle row shows the
same device orientation as in the pictures of Figure 5.39, with the di-
rector vertical (φd = 90
◦) for driving configuration C1 and at angles of
30◦ and 150◦ for C2 and C3. The crossed polarizers are oriented along
the vertical and horizontal direction. In the top and bottom row, the
substrate was rotated 60◦ clockwise and counterclockwise respectively,
while keeping the same polarizer orientation.
In each of the 9 pictures, the orientation of the average director after
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Driving configuration C1 Driving configuration C2 Driving configuration C3
Figure 5.41: Observation of the reflection through a microscope for dif-
ferent orientations of the reconfigurable wave plate -60◦, 0◦ and +60◦
(from top to bottom). In the three columns, the driving configura-
tions C1, C2 and C3 are respectively applied with a 10 V/120 Hz square
wave. Picture taken in reflection with polarizer and analyzer along
the horizontal and vertical edges of the pictures. Image dimension
190 µm × 225 µm.
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rotating the substrate is indicated with a white arrow. By observation
of the three rows, it is clear that for each row, the driving configuration
in which the director lies along the vertical axis (parallel to one of the
the polarizers axes) gives a dark image, while the other two have a
similar color. This proves that three different driving configurations are
obtained, with the director on average along the predicted orientations.
c) Influence of the applied potential
A last fact which can be verified by microscope observations, is the
change of the director distribution while increasing the applied volt-
age. Without any electric field applied, the microscope image gives a
Schlieren texture as shown in Figure 5.42. The weak azimuthal anchor-
ing at the surfaces has resulted in large homogeneous regions. Study-
ing the influence of the electric field and the rotation of the substrate,
makes it possible to determine the director distribution as previously
explained in section 4.6.2.d. The resulting director distribution is in-
dicated on the picture with red lines. Three different types of singu-
lar points are visible, two with strength s = +1 and one with strength
s = −1.
Figure 5.42: Observation of the Schlieren texture of the reconfigurable
wave plate through themicroscopewhen no voltage is applied, with in-
dication of the director distribution. Image dimension 300 µm×225 µm.
In Figure 5.43, the three columns again represent the three driving
configurations with the respective direction of the average electric field
φav indicated by the white arrow. From top to bottom, the applied volt-
age is increased from 0 to 10 V in steps of 2.5 V and the polarizer trans-
mission axes are oriented parallel to the vertical and horizontal edges
for all the pictures.
138 Liquid Crystal Device with a Rotatable Director
0VC
1
C
2
0 V C
3
0 V
2.5 VC
1
C
2
2.5 V C
3
2.5 V
5 VC
1
5 VC
2
5 VC
3
7.5 VC
1
7.5 VC
2
7.5 VC
3
10 VC
1
10 VC
2
10 VC
3
Driving configuration C1 Driving configuration C2 Driving configuration C3
Figure 5.43: Observation of the reflection through a microscope for ap-
plied voltages of 0, 2.5, . . . , 10 V (from top to bottom). In the three
columns, the driving configurations C1, C2 and C3 are respectively ap-
plied. Measurement in reflection with polarizer and analyzer along
the horizontal and vertical edges of the pictures. Image dimension
190 µm × 160 µm.
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At 0 V, the three driving configurations start from an identical di-
rector distribution, which is a zoom-in of the distribution shown in
Figure 5.42. A first important observation is that already at 2.5 V (pic-
tures in the the second row), the electric field influences the director
distribution, especially for C1. This clearly shows that weak azimuthal
anchoring is achieved.
The effect of applying driving configuration C1 is studied in the first
column. The image at 0 V shows two defect points. The dark areas be-
low and above the defect points have a horizontal director distribution
(Figure 5.42), perpendicular to the average electric field of driving con-
figuration C1. When applying the electric field, these regions shrink
at the expense of the neighboring green regions which have a director
orientation at an azimuth of ±45◦. For increasing voltages, the director
in the 45◦ areas reorients to become more and more aligned along the
vertical axis, which can be seen from the broadening of the two outer
black brushes that interconnect the two defects and where the director
remains at all times vertical. The original region with horizontal direc-
tor at top and bottom and the center brush connecting the defects have
shrunk to a thin surface inversion wall.
ForC2 in themiddle column of Figure 5.43, the average electric field
points to the right. In the green area at the top left of the 0 V picture,
the average electric field is almost along the director. Therefore, only
at high voltages this region changes color. In the green region at the
right hand-side of the picture, the average electric field is almost per-
pendicular to the electric field. Therefore, a large rotation of almost 90◦
is required. During this rotation at 5 V, the director is horizontal and
the region colors dark. A further increase of the applied voltage then
rotates the director further and it becomes brighter again.
For C3, the third column, the electric field points to the left. The
reaction of the director is similar to the case for C2. The region at the
left is now almost perpendicular to the electric field and the region at
the right hand-side almost parallel.
Generally when applying a certain driving configuration and in-
creasing the applied voltage, the regions with the director oriented par-
allel to the average electric field grow at the expense of the neighboring
regions. The regions with the original director perpendicular to the av-
erage electric field shrink and may form thin surface inversion walls.
The location of the final surface inversion walls depends on the ap-
plied driving configuration as can be seen in Figure 5.43. Note that
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for driving configuration C1, the surface inversion wall becomes very
long, while for C2 and C3 the surface inversion wall connects the point
dislocations.
d) 360◦ in-plane rotation of the director
For 360◦ rotation as demonstrated in section 5.3, the three driving con-
figurations must be applied sequentially. To do this, three waveforms
were created using a 4-channel universal waveform generator. One of
the four sets of hexagonal electrodes is connected to the mass, while
a different waveform is applied the other three electrode groups as
shown in Figure 5.44. The waveforms consist of three parts: twice a
120 Hz square wave with 10 V amplitude and one part where a short
circuit is applied. The period of the whole waveform is 6 seconds,
2 seconds per driving configuration. To achieve a consistent electric
field, the different channels of the waveform generator must be syn-
chronized. At each point in time, the two channels to which the 120 Hz
square wave is applied, must be positive and negative during the same
time intervals.
Totalperiod: 6 seconds
Electrode set 1
Electrode set 2
Electrode set 3
Electrode set 4
Ground potential
0 V
C1 C2 C3
Square wave
120 Hz / 10 V ampl.
Ground potential
0 V
Figure 5.44: The waveforms applied to the four sets of interconnected
hexagons in order to obtain a 360◦ in-plane rotation of the director.
When applying the waveforms to the test cell, the director does
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not rotate 360◦ around the surface normal as expected. Instead, when
changing the applied driving configuration the regions with the direc-
tor along the average electric field grow at the expense of the rest. After
±0.5 second, a stable director distribution is obtained resulting in the
images shown in Figure 5.45.
Thus, although a good homogeneous alignment along the pre-
sumed orientation can be obtained by gradually increasing the applied
voltage within one driving configuration (Figure 5.43), when switching
directly from one driving configuration to the next the obtained di-
rector distribution is not homogeneous. The resulting walls are much
thicker as is shown in Figure 5.45. The difficulty is that, for a 360◦
in-plane rotation, the director should be switched homogeneously over
the whole surface, whereas in reality the already correctly oriented re-
gions grow. The slow response stems from the gradual growth of the
regions in which the director is already along the average electric field.
Figure 5.45(a) shows that the alignment in driving configuration C1
is better than in the other 2. Still, the director is not yet parallel to
the vertical edge of the picture since the obtained image is not dark
as in Figure 5.39(a). When rotating the substrate, it becomes clear that
the twist angle in the regions above and below the inversion wall are
slightly below and above 90◦. The apparently stronger field in driv-
ing configuration C1 comes from the interconnection electrodes below
the hexagonal electrodes, which are in this case parallel to the rows
of equally switched hexagons. Therefore, they strengthen the average
electric field that reorients the director. In the other two driving config-
urations, they adversely influence the director reorientation.
e) Improvements to the device
A few suggestions can be made on different aspects of the device to
improve it and maybe succeed in a 360◦ in-plane rotation.
A first and obvious improvement would be to increase the applied
voltage, which would increase the homogeneity of the director twist
angle φ and might force the director to make the full rotation. Unfortu-
nately, 10 V is the maximum amplitude for the used wave generator.
Of course the anchoring at the top and bottom surface of the liquid
crystal layer leaves room for improvement:
– Reducing the azimuthal anchoring even more or making it equal
to zero, would surely be beneficial for the device.
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Figure 5.45: Observation of the reflection through a microscope of the
three driving configuration applied sequentially with 10 V amplitude
and 2 s per driving configuration. Measurement in reflection with po-
larizer and analyzer along the horizontal and vertical edges of the pic-
tures. Image dimension 300 µm × 225 µm.
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– A second substantial improvement could be to start from ho-
mogeneous weak anchoring instead of a Schlieren texture. This
could be obtained by applying an external horizontal magnetic
field while filling the cell and cooling to the nematic phase.
Less influence of the interconnection electrodes on the electric field
in the liquid crystal would increase the equivalence between the three
driving configurations:
– If the thickness of the dielectric layer between the interconnection
electrodes and the hexagonal electrodes is increased, their influ-
ence on the electric field in the liquid crystal is lower. On the
other hand, this complicates the technology for the vias through
the layer.
– Anewdesign of the interconnection electrodes using thin lines in-
stead of covering the whole surface would reduce their influence.
But, in this case less light would be reflected by the device.
Finally a last improvement would be to use another metal for the
electrode with a higher reflectivity such as gold, aluminum or silver.
This is not critical for the working of the device, but would improve
the optical characteristics.
5.6 Applications for the new liquid crystal device
The device acts as a rotating birefringent wave plate. Other device con-
figurations that exhibit this characteristic have been proposed [49, 103,
124–129], but the advantage of the device with hexagonal electrodes is
the distribution of the electrodes over the whole surface of the device.
In this way, the required driving voltages can in principle be very low.
Furthermore, there is no need for extra space next to the actual pixel
to place the electrodes. A true azimuthally degenerated anchoring sur-
face would enable the multistability of the device as explained above,
but unfortunately such materials have not been reported yet.
The proposed operating principle has a number of interesting ca-
pabilities. Not only can it act as a wave plate, also other applications
are possible for slightly modified parameters of the device. Possible
extensions are briefly discussed below.
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5.6.1 Hexagonal device with rubbed alignment layers
If the azimuthally degenerated planar anchoring surfaces at top and
bottom are replaced by anti-parallel rubbed alignment layers with the
preferential director along the average horizontal electric field of one
driving configuration, a director rotation over an angle of 360◦ is no
longer possible and the multistability disappears. On the other hand,
the azimuthal angle now becomes continuously adjustable between
−60◦ and 60◦ about the rubbing direction by applying one of the other
two driving configurations. The amount of rotation can be controlled
by the strength of the applied electric field.
When the electric field is turned off, the elastic force stemming from
the alignment at the boundaries will align the director in the liquid
crystal homogeneously. By applying the driving configuration with
average horizontal field parallel to the anchoring direction for a short
time, the director is forced back into the off-state and thus the switching
off time is decreased.
5.6.2 Electric field driven alignment direction
Some recent types of liquid crystal devices are based on switching be-
tween parallel and twisted states [131, 132]. Our new device can han-
dle this type of switching. Decreasing the dimensions of the electrodes
and the spacing between them below the thickness of the liquid crystal
layer, lowers the effect of the driving field at the top substrate. The
electrodes create an electric field at the bottom of the liquid crystal
layer which forms a switchable alignment direction. A strong anchor-
ing alignment layer on the top substrate in combination with such a
switchable alignment at the bottom of the liquid crystal makes it possi-
ble to switch between the parallel and twisted state.
5.6.3 Intermediate director alignment
The liquid crystal director aligns along the average electric field. In the
device proposed above, the average electric field and thus the director
can be aligned along three different directions.
In order to align the director along an intermediate direction, two
solutions are possible. If the device is really multistable, it is enough to
switch off the applied voltage before the equilibrium state is achieved.
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After switching off, the director will align along the average twist at
that time.
If the surface suffers from too strongmemory alignment and contin-
uous application of the potential is required, another method might be
possible. By alternating between two driving configurations at a high
frequency, the time averaged electric field is then somewhere between
the two driving configurations. So by varying the time ratio in which
the two driving configurations are applied, any direction in between
can be achieved.
The results of the director simulations have been published in the
SCI Journal Journal of applied physics D: applied physics [133]. Abstract on
the simulations and experiments have been submitted to the Interna-
tional Workshop for Liquid Crystals on Photonics (26–28 April 2006, Gent,
Belgium) [134] and the 21st International Liquid Crystal Conference (2–7
July, 2006, Keystone, Colorado, USA) [135] and are both accepted for
oral presentation.
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Chapter 6
Conclusion
In the preceding chapters, I have tried to explain the most important
findings of my PhD research. The described work deals with many
aspects of liquid crystals: modeling of the director distribution, optical
transmission, surface anchoring and technology. In this chapter I want
to conclude with a brief summary of the main achievements and an
outlook to the future.
6.1 Achievements
The chapter on optical transmission compares three different optical
algorithms in liquid crystals. Beside the accurate Rigorous Coupled
WaveMethod and the ReducedGratingMethod, a simplified algorithm
was demonstrated which allows a fast and easy calculation of the op-
tical transmission through thin two or three-dimensional liquid crystal
layers. The usefulness and correctness of this algorithm was demon-
strated by comparison with the accurate optical algorithms throughout
the whole thesis.
In a separate chapter, the alignment of liquid crystals at the surface
was studied. The anchoring properties of different alignment materials
were investigated with the aim of finding a surface material in which
the azimuthal anchoring strength is reduced to a minimum. A mea-
surement method was developed to accurately estimate the weak az-
imuthal anchoring strength. The surfactant FC4430 was identified as
the material with the weakest azimuthal anchoring strength.
The different aspects of liquid crystals were used in the last chapter
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to develop a new type of liquid crystal device in which the liquid crys-
tal director rotates over 360◦ in the plane parallel to the glass substrates.
Switching of the liquid crystal is induced by horizontal fields between
hexagonal electrodes in a honeycomb arrangement below a stack con-
taining a dielectric layer and a liquid crystal layer. This device can be
used as a reconfigurable wave plate in optical setups.
First, the feasibility of the director rotation was demonstrated by
three-dimensional director simulations. In the director simulation, spe-
cial attention was paid to the different parameters of the device. By
means of extensive optical simulations, the operation as a rotatable
wave plate was demonstrated and a test device has been built. The
true 360◦ rotation did not succeed, but by microscope observation was
demonstrated that the director could be aligned in three different direc-
tions. At the end, a number of suggestions were given to improve the
device and realize the 360◦ director rotation.
Beside the application as a controllable wave plate, other applica-
tions are feasible if the device would be slightly modified. The de-
vice could act as an electric field driven alignment layer which allows
switching between a homogeneous and twisted state. Replacement of
the azimuthal degenerated surface anchoring with rubbed alignment
layers makes the rotation continuously adjustable over a limited range.
A continuous rotation to any angle might be possible, but requires fur-
ther investigation of the rotation, anchoring and relaxation processes.
The results of the work has been published in two papers in SCI
Journals and is presented at several scientific meetings and interna-
tional conferences.
6.2 Outlook
The work described in the previous chapters has lead to the demon-
stration of a new concept, but there is always room for future research.
Anchoring was longtime considered a side topic of liquid crystals, but
with the increasing importance of weak anchoring it entered in the
spotlights in the past years. Nowadays, many of the mechanisms are
being studied and it is a main challenge for chemists to develop new
materials with specific anchoring properties.
The promising properties of the new reconfigurable wave plate
have been described in detail, but more time is required to improve
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several aspects of the device. The realization of a new device design
included the suggested improvements would be worth investigating.
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ter, 55
refractive index
complex, 29
extra-ordinary, 23
ordinary, 23
retardation, 27
Rigorous Coupled Wave Method,
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rubbing, 10, 49, 62
S-matrix, 36
Scattering matrix algorithm, 36
Schlieren texture, 61
slippery surface, 50
spacer, 15
splay, 12
splay cell, 14
surface gliding, 50, 62
T-matrix, 35
temperature
nematic range, 9
nematic-isotropic transition, 9
thermotropic, 9
tilt, 7
Transmission matrix algorithm, 35
twist, 7, 12
twisted nematic, 15
unpolarized light, 28
via, 87
viewing angle, 2, 32
